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Introduction 
 
1. Introduction 
 
Methane is the main component of natural gas. It is produced in huge quantities as associated 
gas in oil production, oil drilling and oil refining as well as in petrochemical processes and it 
is also available in huge quantities as methane hydrate on the sea-bed. Methane can be also 
found in coal deposits and can be formed by bacterial decomposition. According to the 
International Energy Agency (IEA) [1], the world’s energy demand from natural gas is 
expected to increase by 30–40 % over a 25 year period. Although the natural gas is abundant, 
large amounts of its reserves are located in remote areas and consequently it must be 
transported across vast distances to reach its markets. Fig.1 shows the distribution of natural 
gas by regions. It is clear that about 70 % of the world’s gas reserves are located in the 
Middle East and Russia. However, more than 60 % of the world’s consumption is in the 
industrialised countries: North America, Europe and Asia Pacific. Therefore, 60 % of the 
world’s production has to be transported abroad.  
                          
Fig.1. World proven reserves of natural gas (1012 m3) [8]. 
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As already mentioned above most natural gas reserves are located in remote locations and it 
may not find its markets easily. There are five major options for transporting natural gas to 
the markets [2]:   
 Pipelines which are only efficient for distances up to 2,500 km, depending on the size 
of the gas field, otherwise it will be too expensive to apply, 
 liquefied natural gas (LNG): the gas is liquefied at -160oC, transported via 
 insulated tankers and regasified. This method is suitable for distances between 2,500 and 
4,000 km,  
 gas to liquids (GTL): convert the gas to liquid fuels and chemicals, 
 compressed natural gas (CNG): compress the gas and ship it and  
 gas to wire (GTW): generate the electrical power at the field and transport it to the 
market. 
In 2010, proven gas reserves were estimated to be 187 ×1012 (trillion) cubic meters.  The 
annual world production is approximately 3 trillion cubic meters. The rate of increase in 
natural gas reserves, which is currently 5.6 ×1012 (trillion) cubic meters per year, exceeds the 
increase in utilisation [3]. Unfortunately, about 11 % of this gas is reinjected, and another 4 
% is flared or vented [4].  The natural gas reserve needs to be a sufficient amount as supply 
feed for more than the next 25–30 years.  From 589 gas fields worldwide identified, only 86 
gas fields are large enough to support mega plants [5]. 
The main use of natural gas is as fuel for electrical power generation and for domestic and 
industrial use. The chemical industry only consumes about 2.5–5% of natural gas [7]. 
Increased natural gas consumption (Fig. 2) may encourage finding solutions to convert 
natural gas (methane) into useful and easy transportable products. Solutions are also needed  
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to reduce the severe greenhouse effect of methane (25 times higher than the equivalent 
volume of CO2) [6-8], and the gas flaring associated with petroleum production or find a way 
to upgrade the landfill gas.  Furthermore, nowadays, crude oil sells for more than $100 per 
barrel, which makes the conversion of natural gas (methane) to clean fuel and chemicals 
more attractive. 
 
 
 
Fig.2. World energy consumption by fuel type 1970–2020 [2]. 
 
The demand for energy continues to grow, and in some countries it will grow at very high 
rates in the near future. For instance, according to the International Energy Agency [9] the 
demand for world energy is expected to increase 50 % by 2030, and 45 % of that increase 
will be in China and India alone. China is now marginally self-sufficient in oil, but by 2027, 
i.e. in 15 years, China is projected to be importing nine million barrels per day. Projections by 
government agencies and the planning departments of several major oil companies indicate a  
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32 % rise in the demand for oil alone over the next 20 years [10], it is expected that by 2020, 
world production rates of oil will need to be 101 million barrels per day. A production peak 
from the present 85 mb/d has been forecasted to be 67–68 mb/d in 2020 [11], giving a 
shortfall of around 33 mb/d, which is approximately one-third of world demand. At the same 
time as the decline in petroleum oil, there is a gradual increase in natural gas reserves which 
reveals the importance of the natural gas utilization. 
The discovery of unconventional resources such as the Shale Gas, led to open vast new 
amounts of natural gas. This has unlocked the potential of natural gas shale that have greatly 
increased the potential supply of natural gas in North America and at a much lower cost than 
conventional natural gas. The success in the combination of hydraulic fracturing and 
horizontal drilling technologies has raised US natural gas production from these reserves. US 
shale gas production has grown rapidly in recent years, from only 1 percent of US natural gas 
supply in 2000 to 20 % in 2009. By 2035 it could be 50 %. However, there are still limits to 
the impact of shale gas that are imposed by the relative economics of fuels, the configuration 
of the power system and the requirements of reliability, the structure of the transportation 
systems as well as the uncertainties and potential imperatives of public policy, particularly in 
terms of greenhouse gases (GHGs). Furthermore, drinking water has emerged as the highest 
visibility environmental issue with Shale Gas. To protect the drinking water supplies, a 
comprehensive regulatory framework for well construction and water management, deep 
dialogues between industry and other stakeholders as well as greater transparency and 
understanding of the technology and geology are required [12]. 
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Activation of methane by splitting of the C–H bond requires high temperatures and/or the use 
of oxidation agents. The problems associated with methane conversion arise from both 
kinetics and thermodynamics. C–H bond in methane is stronger than in possible products 
such as methanol and formaldehyde, so the products will be more reactive than methane. The 
challenge in methane conversion is therefore related not only to reactivity, but also to 
selectivity. 
Fig. 3 shows the equivalent value of methane if it would be converted to various products. 
Based on recent product values for a Middle East location, the $1.00 BTU (British Thermal 
Unit) paid for natural gas is converted to $12 for low-density polyethylene or polypropylene.  
In contrast, the value of petroleum products is two to three times less than the value of 
polyolefins [3].   
 
 
 
 
 
 
. 
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Fig.3. Economical value of methane conversion [3]. 
 
1.2 Natural gas (methane) conversion technologies 
 
   1.2.1 Indirect methane conversion 
 
Most current commercial processes of methane conversion to chemicals and fuels use indirect 
routes via synthesis gas. The production of synthesis gas (CO+H2) is achieved through three 
principal processes:  Steam reforming (1), carbon dioxide (or dry) reforming (2), and partial  
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oxidation (3). Synthesis gas, in turn, is converted to methanol, synthetic gasoline, diesel fuel 
(Fischer–Tropsch Technology) and dimethyl ether (Fig.4).  
              
 
 
 
 
Fig.4. Summary of methane conversion technologies. 
 
 
CH4 + H2O   CO+ 3 H2          (1) 
CH4 + CO2   2CO + 2H2      (2) 
CH4 + ½ O2   CO +2 H2        (3) 
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Production of synthesis gas by steam reforming of methane, which was first summarised in 
1924 by Neumann and Jacob (B.C. Enger et al. [5] and the reference therein [13]), is the main 
process used for methane processing. 
Nickel is used as the industrial catalyst, supported on various supports (Al2O3, MgO, 
MgAl2O4, and ZrO2). Over Ni catalysts, this reaction is carried out at T = 900–1000oC, P = 
1.5–3 MPa with volume flow rates of about 1000 h-1 [14-15]. The main drawbacks of this 
process are [16]: high cost of overheated steam, CO2 formation in significant quantities, and 
that the composition of resulting synthesis gas is acceptable for only ammonia synthesis but 
inconvenient for synthesis of methanol and hydrocarbons by the Fischer– Tropsch method.  
For the dry reforming reaction (2), platinum group metals [17-18]: and iron group metals [19-
20]: supported on various supports are used as catalysts. The highest conversion and 
selectivity values are only obtained at T = 1000–1100 oC. The main drawback preventing 
wide industrial application of this process is that the catalyst carbonisation and ethane can be 
formed in this reaction and must be separated from syngas. 
The third process for converting methane to synthesis gas is the catalytic partial oxidation of 
methane which was suggested in 1926 by Liander et al [21].  
Complete methane conversion is achieved at temperatures above 750 oC. Nickel catalysts and 
catalysts based on noble metals are used for partial oxidation of methane [22-23]. The net 
cost of syngas production by partial oxidation of methane is about 1.5 times lower than by 
steam conversion. However, this method also has drawbacks [16]: high cost of oxygen 
accounting for as much as 50 % of the syngas cost, explosion risk, catalyst destruction due to 
local overheating and the formation of carbonaceous residues. The presented data indicate 
that all these processes suffer from many drawbacks. They all are conducted under extreme  
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conditions therefore energy management issues are crucial, and problems associated with 
reactor materials, operations and maintenance are involved. Syngas production is a very 
energy-consuming process which significantly diminishes the competitiveness of producing 
chemical products from methane compared with their production by crude oil processing. 
60 % or more of the capital cost of methane to liquids plants is associated with the reforming 
of methane to synthesis gas [24]. 
 
1.2.2 Direct methane conversion 
 
In order to avoid the extremely expensive intermediate syngas step, direct conversion of 
methane to more useful and easily transportable chemicals (liquids) has been given high 
priority by scientists in chemical industry and the catalysis society in general. Despite the 
large research efforts on the direct conversion of methane during the last 50 years, no 
breakthrough processes have been developed. Different approaches for direct methane 
conversion to higher hydrocarbons have been studied: 
 Thermal and catalytic pyrolysis of methane. 
 Oxidative coupling of methane. 
 Partial oxidation of methane to oxygenates. 
 Different processes (plasma, halogenation, photocatalysis, membranes, etc.). 
The first three methods will be described in brief, but the last one will be disregarded because 
it is not relevant to the aim of our study. 
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1.2.2.1 Thermal and catalytic pyrolysis of methane 
 
Methane can be converted directly to acetylene by pyrolysis or thermal coupling. This 
reaction may also give ethylene, benzene and hydrogen as the main products provided that 
the reaction can be stopped before carbon is formed [25]. Excessive carbon formation can be 
avoided using short reaction times and low partial pressures of methane, preferably by 
hydrogen dilution of the feed. Rapid quenching of the reaction mixture is also very important.  
Acetylene has been obtained at extreme conditions of temperatures (> 2000 K) and short 
reaction times (<10-2 s). Using the Sachse-Bartholome process of BASF e.g. only 8 vol% 
acetylene, but mainly H2 (57 vol %) and CO (26 Vol %) are found. 
Many processes for acetylene production have been developed and even operated 
commercially with some success. These include the use of an electric arc (Huels, DuPont), 
regenerative techniques (Wulff process), flame techniques, incomplete combustions with O2 
((BASF and Societe Beige d'Azote (SBA)) or a mixture of hot combustion gases such as C1 
to C8 hydrocarbons [7, 26].  The differences between the proposed process concepts are 
mainly due to the way heat is supplied and removed from the reactor. 
Methane can also be converted over a catalyst to benzene, toluene, naphthalene and H2 
(dehydroaromatisation). The theoretical yields are limited to equilibrium. The equilibrium 
conversion for CH4 at 1 atm and 700 oC is about 12 % with about half of the methane going 
to benzene and half to naphthalene.  Several bifunctional catalysts are known to catalyze this 
reaction. The catalysts are typically zeolite based systems. Mo/HZSM-5 is the most well-
known system and it has been studied extensively [27] since the pioneering work by Wang 
etal., [28]. This catalyst is easily deactivated during on-stream operations because of strong 
coke formation [29,106]. The activated methane molecules could re-adsorb and become  
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anchored to the active Mo species to form coke. Further dehydrogenation and oligomerisation 
of monocyclic aromatic products could also lead to the deposition of aromatic-type carbon 
species inside the pores of the ZSM-5 zeolite. 
 
1.2.2.2 Oxidative coupling of methane 
 
In oxidative coupling, CH4 and O2 react over a solid catalyst to form C2H6 and C2H4. Since 
the early work of Keller and Bhasin [30] a large number of papers and reviews have appeared 
during the last two decades on this subject [31-36]. In fact, it was one of the main research 
topics in catalysis 15–20 years ago. The single-pass yield of C2 products is usually limited to 
about 25 % at a C2 selectivity of about 80 %. Many metal oxide catalysts have therefore been 
tested for this reaction. SrO/La2O3 and Mn /Na2WO4/SiO2 are examples of some of the best 
catalysts reported. It does not seem likely that it will be major improvements in the C2 
selectivity at reasonable conversions in the near future. In fact, it has even been predicted that 
an upper theoretical limit is yields of C2 of about 30 % at 1 atm [37] In spite of the intensive 
work existing on methane oxidative coupling; this technology has not yet been 
commercialized because there are important hurdles to be overcome in this process such as:  
 Due to C2 hydrocarbons being much more reactive than methane, high selectivity in 
the process can be obtained only at low methane conversion; 
 As the reaction is conducted at high temperatures (ca.800 ◦C), a catalyst with high 
thermal and hydrothermal stability is required. 
 Using a low O2/CH4 molar ratio in the feed, the selectivity to C2 hydrocarbons is high, 
but CH4 conversion is rather low. 
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 Since the concentration of ethylene is low in the exit stream, the cost of its separation 
is high, thereby rendering its separation uneconomical. 
Economically, the cost of the liquid fuel produced using methane oxidation coupling is 26 % 
higher than that of fuel produced from synthesis gas by the Fischer-Tropsch method. 
 
1.2.2.3 Partial oxidation of methane to oxygenates 
 
Since Blair and Wheelar demonstrated the partial oxidation of methane to methanol for the 
first time [38], intensive efforts have been made to develop a process for direct methane 
oxidation into oxygenates, particularly to methanol and formaldehyde. Such direct selective 
oxidation of methane would be a very attractive route. If such a process could be established 
would mean a breakthrough for the utilisation of methane into useful chemicals. However, 
until now no economic advantages of any of these processes have been demonstrated.  
In the gas phase under non-catalytic conditions, direct partial oxidation of methane is carried 
out at high pressure and high temperature. This reaction is conducted in quartz and Pyrex 
glass-lined reactors to isolate the feed gas from contacting with the metal wall. In fact, with 
reactor inertness, feed pressure is crucial for obtaining high selectivity [39]. 
Most results indicate a selectivity of 30–40 % at a conversion 5–10 % under the best 
conditions, i.e. temperatures of 723–773 K and pressures of 30–60 bar. The experimental and 
theoretical evidence so far supports the view that the possibilities of producing high yields of 
methanol are limited in the gas-phase system [40].  
At ambient pressure the catalyst plays a crucial role in direct partial oxidation of methane into 
oxygenates. Catalysts based on iron such as; Fe /SiO2 [41], Fe/ZSM-5 [42], FeOx /SBA-15 
[43], crystalline and a series of supported FePO4 [44-45], are well known in direct methane  
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oxidation to useful oxygenates. Over these supported iron catalysts, the highest methanol 
yield (about 3.5 %) was observed under severe conditions (T= 350-550°C, P=3-10 MPa). The 
CH4 conversion does not exceed 5%, whereas the selectivity can reach 70 %.  
Otsuka and Wang [44], claim that the reason why CH3OH cannot be obtained at the high 
temperatures needed for activation of CH4 is that CH3OH would immediately be decomposed  
or oxidised into HCHO and COx.  Catalysts that are able to activate CH4 at lower 
temperatures are therefore most important for the direct synthesis of CH3OH. This is a very 
challenging problem due to the strength of the C–H bond in CH4. 
Supported molybdenum and vanadium oxides were reported as more or less selective and 
active catalysts in direct methane into oxygenates particularly formaldehyde [39, 46]. In these 
the maximum methane conversion is about 3-4 % at selectivity about 80 % at 550–650 °C 
with atmospheric pressure. 
By carrying out the reaction at 600 °C in an excess of water vapour on highly dispersed 
MoO3/SiO2, high selectivities to CH3OH + HCHO at conversions of CH4 in the region of 
25% have been reported [47].  
Up to 16 % yields of oxygenates (methanol + formaldehyde) has been obtained by adding 
NO (1 vol. %) to the feed over a low surface area V2O5/SiO2 catalyst at 923 K [48]. In 
addition to the low yield, these processes suffer from many drawbacks. For example, they 
must be conducted under extreme conditions with fast catalyst deactivation and the results are 
difficult to reproduce. The work on these processes is therefore still on a laboratory scale.  
Many reviews have been published outlining the issues of commercialization of direct 
methane conversion into oxygenates [4, 24, 39, 44, 49-50]. 
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At low temperature, activation of methane has been studied using homogenous catalysts. In 
the 1970s Silov et al., showed that methane could be converted to methanol Pt (II) and Pt  
(IV) complexes [51].  Periana et al [52] proposed a process involving concentrated H2SO4 
and Hg (II) complex as catalysts. Later on, the same group [53] used bipyrimidyl platinum 
(II) complex instead of Hg (II) complex. Methane conversion of 90 % and a selectivity of the 
methyl bisulfate of 81 % were obtained at 493 K and 35 bar and methyl bisulfate and it is 
thought that the bisulfate was hydrolysed to methanol. As proposed [53], this reaction 
consists of many reaction steps; therefore a complete cycle would require the costly 
regeneration of concentrated H2SO4.  Such processes consisting of several steps and many 
hazards chemicals are very difficult to develop and operate in a safe and economical way.  
Recently [54], selectivity for methanol formation above 75 % could be achieved using 
covalent triazine-based framework (CTF) as a solid catalyst with numerous accessible 
bipyridyl structure units. All the above works are characterised by the use of a very 
aggressive medium (concentrated acid) under harsh operating conditions, so it is difficult to 
find an industrial application for them. 
Our main interest in this project is only to produce formic acid directly from methane over a 
heterogeneous catalyst. 
 
1.3 Hydrogen peroxide as oxidation agent in direct 
methane oxidation: literature review  
 
In addition to oxygen, hydrogen peroxide is the greenest oxidation agent; the only by-product 
of its oxidation is water. Moreover, it is a very efficient oxidation agent because it contains  
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high active oxygen just next to pure oxygen. Hydrogen peroxide works under ambient 
conditions and shows very high selectivity and yield in many oxidation reactions. Hydrogen 
peroxide is well known as oxidation agent particularly in the presence of TS-1 zeolite catalyst 
in many oxidation reactions [55] such as epoxidation of olefins and allyl chloride; selective 
oxidation of alcohols and partial oxidation of alkane [56]. Using the TS-1/H2O2 system, some 
processes are already at a commercial stage such as hydroxylation of phenol [57-60], 
ammoxidation of cyclohexanone to cyclohexanonoxime [61-62] and the production of 
propylene oxide (HPPO-process) [63].  
There are not so many papers published claiming the use of H2O2 as an oxidation agent in 
direct methane oxidation either under homogeneous or heterogeneous catalysis. Sen. et al 
[64] disclosed the use of Pd (O2CMe) 2 in trifluoroacetic acid for the oxidation of methane to 
CF3CO2Me. The reaction is carried out for 4 days at a pressure of 5516-6895 kPa. L. C. Kao 
et at. [65] used Pd (CH3COO) 2 to oxidise methane to methanol in the presence of H2O2 and 
using trifluoroacetaic acid as a solvent. I. Eskendirov et al [66] applied Sn/SiO2 or 
Au/La2O3/CaO as catalysts in presence of H2O2 in direct oxidation of methane into 
formaldehyde and methanol. Oxidative coupling of methane in the presence of hydrogen 
peroxide has been observed without any catalyst at temperatures as low as 400 °C. E. D. Park 
et al [67] disclosed a Pd/C plus Cu (CH3COO) 2 catalyst system for the selective oxidation of 
methane to form methanol and its derivatives and HCOOH by H2O2 generated in situ from H2 
and O2. J. Min et al. [68] used heteropoly acid compound catalysts to oxidize methane into 
formic acid, using H2 and O2 mixture for H2O2 in situ formation during the reaction. Thereby 
they obtained 7.7 % methane conversion with 85 % formic acid selectivity under 573K 
reaction temperature, steam pressure of 9.1 kPa, TOS in the range between 2-5 h, catalyst  
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amount of 1.2 g over Pd0.08 Cs2.5 H0.34 PVMo11O40 heteropoly compounds catalysts. The H2 
and O2 mixture is very dangerous and requires very high safety considerations.   
Heterogeneous biomimetic catalyst PPFe3- AlSiMg was also used as a catalyst for direct 
methane synchronous oxidation to methanol by hydrogen peroxide by T. M. Nagiev et al 
[69]. G. B. Shul’pin et al [70] showed very low traces of methanol (1.1 µmol) from methane 
oxidation over TS-1 using H2O2 as oxidant and the authors gave no further details about the 
reaction. Q. Yang et al [71] found that the homogenous osmium chloride catalyst was the best 
catalyst among the metal chlorides investigated to oxidise methane and ethane with hydrogen 
peroxides into organic oxygenates mainly alcohols and aldehydes, but the TOF was 
extremely low.  V. B. Romakh [72] demonstrated that methane can be oxidised to formic acid 
with reagent hydrogen peroxide-vanadate anion-pyrazine-2-carboxlylic acid in acetonitrile.  
X. Wei et al., [73] produced formic acid from methane by homogenous VOSO4 catalyst using 
H2O2. Methane conversion was 6.5 % at 70 % formic acid selectivity under a methane 
pressure of 30 bar and a temperature 333 K for 4h. Y. Wang et al. [74] mentioned the 
formation of organic oxygenates from methane and ethane by hydrogen peroxide in a water 
medium in presence of homogeneous osmium catalyst. A. B. Sorokin et al [75] demonstrated 
that methane can oxidise to methanol, formaldehyde and formic acid using the catalyst µ-
nitrido diiron phthalocyanine and H2O2, TOF of 209 was attained in 0.075M H2SO4.  
Recently Rahman et al. [76] synthesized formic acid by partial oxidation of methane over 
HZSM-5 using hydrogen peroxide as an oxidation agent. About 13 % yield was obtained at 
373K and methane pressure of 2.6 MPa. Tryphenyphosphene (ph3p) was used as a promoter 
in the reaction system.  
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A few patents have been disclosed for the use of H2O2 as an oxidation agent in direct methane 
oxidation reactions: UOP has introduced a direct process for the production of methanol from 
methane [77]. The process involves reacting methane with an oxidant (O2, H2O2 and organic 
peroxide) and a solvent (CF3COOH / CH3COOH) in the presence of a catalyst (metal 
compounds) in an oxidation reactor. G. A. Olah, et al. [78] from The University of Southern 
California (2006), disclosed a direct conversion of CH4 to CH3OH or DME using oxidising 
agents (O2, air or H2O2) over metal oxides. Metal oxides were: V, Ti, Ga, Mg, Cu, Mo, Bi, 
Fe, Mn, Co, Zr, La, or Sn on silica or alumina supports. John Lee Edwards [79] disclosed in 
US 20070270512A1 (2007) the production of methanol from methane using dry urea 
hydrogen peroxide as an oxidation agent with copper sulphate (CuSO4) catalyst. However, he 
did not give any information about methanol yield.  
Recently the research group of G.A. Olah in (2010) ) [80] improved the production of 
methanol, DME and formaldehyde from methane using metal oxides over SiO2 or Al2O3 
supports using  O2, air or H2O2  as oxidation agents. Methanol, DME and formaldehyde yields 
were approximately 10-20 %. 
 
1.4  Zeolites as industrial catalysts 
 
The discovery of zeolites as catalysts was a breakthrough and very important innovation. It 
has become a model of interplay between science and technology, from very fundamental 
academic research and industrial curiosity to efficient large scale production of zeolites and 
their deployment in catalytic- or adsorbent based processes. The interest in zeolites has since 
then progressed at a steady pace.  Fig. 5 shows the number of zeolite related publications,  
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between 1960 and 2008. It demonstrates that the rate of publications is ever increasing, 
highlighting the continuous scientific interest in these materials. The same can be seen in Fig. 
6 for the number of US patents, indicating that many potential new innovations are still 
judged worthy of protection by industry [81].  
 
                 Fig.5. Number of US patent publications on zeolites and molecular sieves [81]. 
                         
Fig.6. Number of non-patent publications on zeolites and molecular sieves [81]. 
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The history, fundamental background science and applied aspects of zeolites and other acid– 
base catalytic processes are already given and discussed in many books and reviews, [82-93]. 
Further information that can be found in the literature and the reader is referred to the 
references mentioned and to other specialised literature.   
Zeolites are now actually used in over one hundred industrial processes, and the world 
production of synthetic zeolites in 2010 amounted to around four million tons annually with a 
value of about three billion US dollars [94-95]. Tanabe and Hölderich [62] gave an account 
of acid–base catalysed processes that have been commercialised or have been proposed for 
commercialisation.  A total of 124 acid– base catalysed processes were available, of which 74 
were zeolite-based, which is more than 40 % of all processes that use solid catalysis are 
catalysed by zeolites.  Consumption of zeolites as catalysts accounts for an estimated 27 % of 
the world zeolite market on a value basis. The largest volume of zeolite catalyst consumption 
is in North America with 83 thousand metric tons per year [95]. Approximately 35 thousand 
metric tons of zeolite is consumed in Europe. A comparison of the annual zeolite catalyst 
consumption by regions is presented in Fig.7.  
 
Fig.7. Comparison of the annual zeolite catalyst consumption by region [95]. 
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Overall, the worldwide zeolite catalyst consumption amounts to approximately 241 thousand 
metric tons (anhydrous) per year.  
Traditionally the major applications for synthetic zeolites are in detergents, 
adsorbents/desiccants and catalysis.  Zeolites are the class of catalysts with perhaps the widest 
range of applications, from refining to petrochemistry and commodity chemicals, fine 
chemicals and environmental protection. 
In industry the most significant application areas of zeolite catalysts are petroleum refining 
and the production of synthetic fuel and petrochemicals. In petrochemical refineries, 
synthetic zeolites are the main catalysts used, and all reactions and conversions are based on 
the shape-selective behaviour as well as the acid and redox properties of the zeolite materials. 
The most widely used and extensively researched reaction types are acid-catalysed reactions 
in which organic functional groups undergo a range of transformations with nucleophilic 
reagents, catalysed by zeolite solid acids. The most common reactions using zeolite acid 
catalysts include fluid catalytic cracking, hydrocracking, dewaxing, aliphate alkylation, 
isomerisation, oligomerisation, transformation of aromatics and conversion of methanol to  
hydrocarbons. Fluid catalytic cracking (FCC) catalysts (primarily USY zeolite) constitute 
more than 95 % of zeolite catalyst consumption. The commercial impact of the introduction 
of zeolites into refinery operations has been immense, as it resulted in more than 30 % 
increase in gasoline yield, thus more efficient utilisation of the petroleum feedstock [94]. The 
use of redox zeolite catalysts is becoming more widespread for a variety of selective 
oxidations of various substrates of synthetic hydrocarbons, alcohols and amine as these 
reactions can be performed in the liquid phase under mild conditions [81-95]. 
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1.4.1 Direct methane oxidation over ZSM-5 catalyst: 
Literature survey  
 
Among the synthetic zeolites is ZSM-5 zeolite, which was first synthesised in 1972 by 
Argauer and Landolt at Mobile Oil [96]. Owing to the unique properties of ZSM-5, it has 
widespread applications in many important chemical industrial processes [97-102], for 
example: as a fluid catalytic cracking additive for both propylene production and gasoline 
octane improvement, in Dewaxing and iso-dewaxing processes in the MTG and MTO 
processes, in isomerisation, alkylation, oxidation, hydration, olefin oligomerisation, 
ethylbenzene production, toluene disproportionation, LPG and olefin aromatisation 
processes.  Furthermore, it has application in the Beckmann rearrangement of cyclohexanone 
oxime to tert-butylamine process and Epoxide rearrangements [87, 101-102]. 
In methane conversion, ZSM-5 is known as a catalyst for non-oxidative dehydro-
aromatisation reactions to form benzene.  Mo-ZSM-5 is the most common catalyst for this 
reaction.  Different transition metals with ZSM-5 have been investigated such as Fe, V, W, 
and Cr, Zn, Ga and Re. Many useful reviews have been published on this subject, for 
example [6, 103-106].  
Publications for direct oxidation of methane over ZSM-5 are limited. Direct methane 
oxidation over ZSM-5 is conducted in gas phase using pure O2, air and in a few cases N2O.  
ZSM-5 has been used either pure [107], promoted by Cs [108], promoted by W [109] or 
modified by Mo [110]. Methanol and formaldehyde produced over Fe-ZSM-5 [111] Cu-
ZSM-5 catalyst was also used to produce methanol [111-112]. Recently Co-ZSM-5 was 
found to oxidise methane into methanol and formaldehyde [113-115].  However, the obtained 
yields were extremely low at less than 1 %. As already mentioned (section1.2.2.3.1), B.  
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Shul’pin et al [70] found very low traces of methanol (1.1 µmol) from methane oxidation 
over TS-1(MFI) using H2O2 as oxidant. Rahman et al. [76] produced formic acid in liquid 
phase by partial oxidation of methane over HZSM-5 using hydrogen peroxide as an oxidation 
agent and tryphenyphosphene (ph3p) as a promoter. Unfortunately, this paper was disclosed 
after our work, confirming similar results we found 1.5 year before.  
 
1.5 Formic acid: production and uses 
 
Formic acid is a versatile player in the chemical industry. It has tremendous potential to be 
utilised in the preparation of various commercial products, such as aldehydes, ketones, 
carboxylic acids and amides. It is unique in that it acts both as an aldehyde and as a 
carboxylic acid. It is more highly ionised and acidic than acetic acid. It reacts readily with 
many oxidising and reducing compounds. It can be used in the perfume industries, in textiles 
as a mordant in the dyeing industry, as a neutraliser in tanning in leather industries, as a 
disinfectant and as a preservative agent in sanitary stations. Formic acid has been used for 
example in manufacturing caffeine, enzymes, aminopyrins and vitamin B1. It is also used in 
the rubber industry as a coagulation agent, as a cleaner in steel production, in pulp 
manufacturing in the paper industry and in the poultry industry for silage protection.  
Additionally, formic acid has been considered as a candidate for methanol-alternative fuels in 
methanol fuel cells, as the direct fuel for electricity generation because the production of 
hydrogen from formic acid is easier than from methanol and many other applications.  
Approximately 750,000 t/a of formic acid is annually produced worldwide. BASF in  
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Germany and Kemira in Finland are the main producers of formic acid with 230000 and 
100000 mt/year, respectively (table 1).  
Table 1:  The main producers of formic acid.* 
* Formic Acid Survey: 15 June 2008, Dunia Frontier Consultants Washington, D.C. Dubai. 
 
Most of the world's formic acid is obtained by a multi-step procedure developed by BASF 
since 1925 via the formation of methyl formate by the carbonylation of methanol, followed 
by hydrolysis of the ester and re-esterification of the products to produce formic acid ((4)-
(6)). 
                    CH4+ H2O                                       CO+3H2                              (4) 
                        CH3OH + CO                                    HCOOCH3               (5) 
            HCOOCH3   + H2O                             HCOOH + CH3OH         (6) 
The hydrolysis step is complex enough to have initiated many competing technologies. It 
must be followed by the removal of excess the methanol and methyl format from the mixture 
of formic acid and the water. Then, the formic acid needs to be extracted from the high 
excess of water. Methanol, which is the starting material of the old commercial process, is 
produced via the costly syngas routes and therefore ultimately synthesise from methane and  
Company  Capacity (mt/Year)  Production location (s)  
BASF (Germany)    230000          Europe ,China  
Kemira (Finland)    100000              Europe  
Celanese (USA)    25000                  USA 
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other fossil fuel. The most widely-used catalyst is sodium methoxide (2.5 % w/w NaOMe) as 
a strong base. Typical reaction conditions are: 45-200 bar of CO gas at 80 °C. Table 2 
summarizes some drawbacks of this process.                        
 Table 2: Drawbacks of current formic acid process. 
 
 
 
 
 
 
 
Drawbacks in: 
Catalyst Process 
 NaOMe is an extreme sensitivity catalyst.  
 Moisture and CO2 has caused many 
operational problems. 
 Moisture leads to formation of insoluble 
sodium format and causes plugging.  
 Non-reactivated and non- recyclable 
catalyst.  
 Its hydrolysis gives methanol which is toxic 
and volatile.  
 It is a caustic, corrosive and harmful base 
catalyst. 
 Developed Since1925. 
  It consists of costly complicated multi 
steps.  
 Removal of reactants is necessary. 
 It consumes a large amount of energy 
 Produces hazardous wastes.  
 Methanol is an expensive feedstock 
compared to methane. 
 Many separation processes are needed. 
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As can be seen from Fig.8, the largest consumption of formic acid is in Western Europe and 
China. 
 
 
 
 
 
 
 
                
            Fig.8. World consumption of formic acid (2009). (SRI consulting). 
Now, our interest is to study the reaction of methane with H2O2 to form formic acid in an one 
step reaction. 
 Formic acid is sold into the current market where formic acid is selling at c. US$1,400/t and 
hydrogen peroxide is about US$ 300. So, a new process starting from CH4 and H2O2 would 
be worth to find an application alternatively to the current process. Fig.9 gives a comparison 
of historical prices of formic acid and hydrogen peroxide. 
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Fig.9. Historical prices of formic acid and hydrogen peroxide (from SABIC Strategy unit). 
Formic acid is also often formed in uneconomically low concentrations as a by-product of 
undesired oxidative degradations. For example, it is produces in low quantities with acetic 
acid as a result of acetaldehyde oxidation. The separation of the low concentration would 
require corrosion-resistance titanium column. Formic acid presents at 18wt.-% in the 
oxidation of light naphtha or butane to acetic acid. In this process, the distillative separation 
is needed to obtain the isolated formic acid. Furthermore, formic acid can be produced as a 
product in Cannizzaro reactions of formaldehyde [116- 117]. 
Many attempts have been made to produce formic acid by alterative processes to avoid the 
many drawbacks associated with the current commercial process. The direct synthesis of 
formic acid from the hydrogenation of CO2 and the hydration of CO has been carried out for  
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many years. The best known catalytic systems for hydrogenation of the CO2 process have 
been based on the homogeneous metal complexes of the second and third row transition 
metals of groups VIII to IIB, such as ruthenium and rhodium, which are usually combined 
with halides or hydrides as anionic ligands and phosphines as neutral ligands [118-120]. By 
using homogeneous catalysts, separation of formic acid from the bases and catalysts remains 
a challenge. Ruthenium complex catalysts are immobilised on silica or activated carbon and 
have been examined as heterogeneous catalysts [121-122]. The yield of formic acid is low, so 
the search for an efficient heterogeneous catalyst is still needed. 
Direct synthesis of formic acid from water and CO can be only achieved at high pressure in 
the presence of mineral acid and metal complex catalysts such as ruthenium-based 
homogenous catalysts [123]. Direct hydration of CO to FA is reported [124] at 100–250 oC 
and 100–300 atm pressure in the presence of amine. 
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1.5 Aim of this project 
 
It is evident from the literature survey that the development of new direct routes for 
conversion of methane into useful chemicals by an environmentally benign process is 
essential from the point of view of the chemical industry and to exploit the abundance of 
natural gas which usually located in remote areas. The conversion of natural gas in the remote 
areas to liquid chemicals will facilitate its transportation to the markets to avoid the costly 
conventional transportation options.  
The existing current commercial process is an indirect (multi-step) route and it suffers from 
many drawbacks. They all are conducted under extreme conditions, so energy management 
issues are dominant, thereby problems associated with reactor materials, operations and 
maintenance are involved. Thus, these processes are highly energy-consuming processes. 
The literature survey also revealed that, despite the large research efforts on the direct 
conversion of methane during the last 50 years, no breakthrough processes have been 
developed and until now no economic advantages of any of these processes have been 
demonstrated.  
Therefore, the main objective of this present project deals with finding new heterogeneous 
catalysts to convert the abundant methane gas in a direct route (one step) reaction into useful 
and transportable oxygenates using hydrogen peroxide as clean and efficient oxidation agent 
at mild conditions without using organic solvent. 
In addition to the high importance of the expected produce oxygenates, the conversion of 
methane by this way will reduce the cost and save energy. 
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First investigations revealed the possibility of the reaction of: 
                  CH4 + 3H2O2                               HCOOH + 4H2O      (7)                                                       
                 HCOOH + H2O2                             CO2 +2 H2O           (8)                            
                 CH4 + 4H2O2                                    CO2 + 6H2O          (9)                    
 
Before we discuss the experimental results some information on the catalyst used will be 
given. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
36 
Catalyst Characterization Results 
2. Catalyst Characterization Results 
In preliminary experiments, we found that zeolite catalyst might be suitable for the reaction 
of methane with hydrogen peroxide to form formic acid. Therefore, we have chosen such 
catalysts and characterized them. 
2.1 X-ray diffraction 
 
X-ray diffraction (XRD) patterns of four ion-exchanged HZSM-5 which were synthesized in 
our laboratory are compared in Fig.10. All samples showed intense peaks located in the 
region 2Theta = 7.5˚-8.2˚ and 22.5˚-25˚ which are typical for crystalline structure of MFI 
topology and none of them showed any impurities [125-126]. The intensities of the peaks 
with 2Theta of 7.5˚-8.2˚ was decreased as aluminum content was increased, indicating the 
reduction in the crystallinity of the zeolites. These features can be noticed when we compare 
samples MAK-31with modul 25 (Fig10. a), MAK-40 (Fig.10 b) with modul 20 and sample 
MAK-39 with modul 10 (Fig.10 d). Unexpectedly, MAK-36 with modul 15 (Fig.10 c), 
showed higher intensity peaks at 2Theta of 7.5˚-8.2˚ among all samples, which indicates high 
crystallinity and greater purity than previous ones. 
            
a 
37 
Catalyst Characterization Results 
 
          
          
          
 
Fig.10. XRD patterns of samples 
a) MAK-31(25), b) MAK-40(20), c) MAK-36(15) and d) MAK-39(10). 
 
 
b 
c 
d 
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The particle size of the commercial HZSM-5(HV94/48), two synthesized HZSM-5 samples, 
HBEA and H- mordenite zeolites are calculated from their XRD patterns by applying Sheerer 
equation (section 6.8.1) and listed in table 3 bellow. As shown in table 3, MAK-36 
(SiO2/Al2O3=15) and HZSM-5 (HV94/48) (SiO2/Al2O3=25) has same particle size of about 
0.03 µm, despite they have different SiO2/Al2O3. Particle size of MAK-39 (SiO2/Al2O3=10) is 
about 0.06 µm. The growth of MAK-39 (SiO2/Al2O3 =10) particle size may due to the 
aggregation of Al2O3 at high aluminium load as proved by SIM image (section 2.3) of this 
sample. Despite HBEA and H-mordenite have same SiO2/Al2O3, they showed different 
particle size of about 0.02 and 0.04 µm, respectively. It is also worth to note that HBEA, H-
mordenite, HZSM-5 (MAK-36) and HZSM-5(MAK-39) have very close SiO2/Al2O3 but they 
have different particle sizes. It seems that the SiO2/ Al2O3 is not the only the factor influences 
zeolites particle size but the zeolites topology as well.   
Table 3: Particle size of selected zeolite samples. 
 
Catalyst SiO2/ Al2O3 (mole) Parcile size ( µm) 
HZSM-5 (MAK-36) 15 0.03 
HZSM-5 (HV94/48) 25 0.03 
HZSM-5 (MAK-39) 10 0.06 
HBEA( HV96/13) 12 0.02 
H- mordenite ( HV96/21) 12 0.04 
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The modification of the parent ZSM-5 (25) (HV 94/48) by steaming (at 800 °C) and followed 
by acid treatment (0.1 M HCl, 24 h) (sample MAK-28) did not affect the HZSM-5 structure. 
The MFI structure and crystallinity were maintained even at these severe conditions (Fig.11). 
The intensity of low-angle peaks, represented by 2 theta of 7.5˚-8.2˚,   increased after 
dealumination. It is known that the low angle peaks of ZSM-5 are influenced by adsorbed 
moisture and measure the hydrophobic nature of ZSM-5. The increased intensity of these 
peaks in the steam-treated samples of the present study indicates the increased hydrophobic 
nature of ZSM-5 due to framework dealumination [126-127]. A slight decrease in 
crystallinity in peak at 25˚ can be noticed, indicating the formation of small amorphous 
materials during steaming compared to the parent ZSM-5 (HV94/48) [125-126]. For the 
sample ion exchanged e.g. with Ni (MAK-11) no crystalline metal oxides were detected in 
the XRD spectra and this was observed for all samples ion exchanged with other metals (not 
shown here). These results may suggest that the metals are small and highly dispersed on the 
catalysts [128-130].  
 The modified HZSM-5 samples, even at relatively high concentrations of phosphorus 
(MAK-38) and fluoride (MAK-47) (not shown here), did not show any change in their purity 
and crystallinity compared with the parent one. 
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Fig.11. XRD patterns of parent sample (HV94/48) (a) and steaming/acid treated sample 
(MAK-28). 
 
 
2.2 Physicochemical properties of HZSM-5 catalysts 
 
Fig.12 shows the N2-adsorption isotherm of parent HZSM-5(HV 94/48), sample (MAK-28) 
and sample MAK-25. The adsorption isotherms of the parent HZSM-5 (HV 94/48) are 
typically type I. The predominant adsorption finishes below (P/P0) 0.02, which is a 
characteristic of uniform micro porous solids [126]. The isotherm of (MAK-28) (b) which  
 
a 
b
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was steamed at 800 °C for 6 hours and treated by 0.1 M HCl for 24 hours , exhibits a broad 
step in the adsorption branch and a pronounced hysteresis loop between 0.4 and 0.9 of p/p0. 
MAK-25 (c) which was treated at the same conditions of MAK-28 but at lower steaming 
temperature, shows a broader step in the adsorption branch and a more pronounced hysteresis 
loop between 0.4 and 0.9 of p/p0 compared to the parent HZSM-5 (HV 94/48) but thinner 
than MAK-28 [128]. These may ascribe to the lower aluminium framework content and the 
formation of mesopores as a result of the dealumination. 
 
 
 
 
          
Fig.12. N2-absorption isotherms of (a) parent HZSM-5(HV 94/48), (b) MAK-28 and (c) 
MAK-25. 
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Table 4 summarizes the physicochemical properties of the synthesized HZSM-5 with 
different SiO2/Al2O3 molar ratios together with the commercial HZSM-5(HV94/48). It can be 
seen from table 4 that for the synthesized samples, (except MAK-36(15)) BET surface areas 
and the external surface areas increase with increasing SiO2/Al2O3 molar ratios. This is due to 
the coverage of the surface areas by the aluminum extra-framework at high aluminum 
contents and it may be due to the template losses was greater for zeolites with higher 
SiO2/Al2O3 ratios than for those with lower SiO2/Al2O3 ratios [129-130]. Microporous surface 
areas are almost same for samples having close SiO2/Al2O3 ratios (see table 4). 
Table 4: Physicochemical properties of the self-synthesized HZSM-5 samples. 
 
The synthesized samples have pore volumes between 0.11 to 0.09 cm3 g-1 which is close the 
commercial one (pore volume of HZSM-5 (HV 94/48) =0.11). This is further evidence of the 
success of our syntheses of microporous HZSM-5.  
 
 
 
 
Sample 
 
SiO2/Al2O4 (mol) 
Surface area  (m2 g-1) Pore volume (cm3 g-1) 
BET Micropore External Micropore 
Parent HZSM-5 
(HV 94/48) 
25 402 247 147 0.110 
MAK-31 25 389 236 152 0.111 
MAK-40 20 362 235 127 0.110 
MAK-36 15 385 193 192 0.089 
MAK-39 10 265 195 70 0.092 
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Table 5 presents the physicochemical properties of a selection of modified catalyst samples. 
It can be realized that the BET surface area and microspore of sample MAK-28 were 
decreased compared with parent HZSM-5.  
 
Table 5: Physicochemical properties of selected ZSM-5 modified samples. 
 
 This is mainly caused by dealumination of the zeolite framework resulting in a partial 
damage of pore structure [131]. This may be explained by the fact that the steaming of parent 
HZSM-5 ( HV 94/48) at 800 °C for 6 hours, combined with 0.1M HCl treatment, extracted 
the aluminum from the framework and destroyed part of the pore channels resulting in the 
formation of mesopores. This is evident from the isotherms and the increasing SiO2/Al2O3 
ratio. Also, the extract of aluminum from framework partially blocks the channels and the 
surface of the zeolite is reduced [99, 132], so a decrease in the surface area of the origin 
HZSM-5 (HV 94/48) was found. The single treatment of the parent HZSM-5 (HV 94/48) by 
2 M for 24 h (MAK-23) led to a slight increase in the bulk surface of HZSM-5 zeolite and  
 
 
Sample SiO2/Al2O4 
(mol) 
Surface area  (m2 g-1) Pore volume (cm3 g-1) 
BET Micropore External Micropore 
Parent HZSM-5 (HV 
94/48) 
25 402 247 147 0.11 
MAK-28 126 364 213 151 0.10 
MAK-23 31 408 228 181 0.11 
MAK-25 63 382 231 145 0.11 
MAK-38 (1wt.-%  P) `27 392 245 147 0.11 
MAK-33(1wt.-% Ni) 23 323 226 176 0.10 
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that may have caused the acid treatment to remove the impurities and the EFA after the 
calcinations from the surface and the pores of the origin HZSM-5 (HV 94/48) [133]. A 
noticeable decrease in the micrpores was observed in MAK-23 due to the dealumination 
caused by the acid treatment.   
The treatment of parent zeolite with 1 % P (MAK-38) did not lead to any significant change 
in the textural properties of the original ZSM-5. The impregnated ZSM-5 with 1% Ni (MAK-
33) led to decrease the BET and microporous surface areas but the external surface area 
increased compared with the parent sample (HV 94/48). This is may be attributable to the 
occupation of the surface area and the pores by the nickel [134].  
 
2.3 Scanning electron microscopy (SEM) 
 
The scanning electron micrographs of the ion exchanged and the calcined form of zeolites 
with SiO2/Al2O3 ratios of 10 (MAK-39) and 15 (MAK-36) are shown in Fig.13. Both samples 
had good crystalline morphologies with different shapes such as spherical, cubical shape  
crystal.  In the case of MAK-39 (SiO2/Al2O3=10), high levels of intergrowth, twinning and 
aggregation had occurred [135]. It seems that the amorphous Al2O3 glues together the 
primary crystals of the pure zeolite. The presence of extra framework Al2O3 in sample MAK-
39 (SiO2/Al2O3=10) was proved by the solid-state NMR (the band at 0 ppm). 
Sample MAK-36 (SiO2/Al2O3=15) had a smaller crystal size (0.03-0.04µm) and more 
uniform size distribution of its crystal particles. It is apparent that both well distributed 
crystalline particles and size of zeolite crystals are factors related to the catalytic activity of 
zeolites. The treatment of the parent HZSM-5 with relatively high concentration of NH4F 
(1.5M, at 80 oC, over 24 hours) as in sample MAK-47, led to changes in the morphology of  
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the parent HZSM-5 (Fig.14 b). It is clear that the morphology of sample MAK-47 became 
irregular and the crystal size grew compared with the parent sample due to the aggregation 
caused by the treatment. Additionally, from the image of MAK-47, it can be seen that a white 
layer covered the crystals of the zeolite and that is may be because of the fluoride absorbed 
on the zeolite crystal surface. 
 
          
Fig.13. Scanning electron micrographs of samples (a) MAK-36 and (b) MAK-39. 
 
 
 
 
 
 
 
 
 
a  b
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Fig.14. Scanning electron micrographs of parent  
HZSM-5 (HV 11/04) (a) and MAK-47 (b). 
 
2.4 Analysis of Solid-State NMR spectra 
 
 
Nuclear magnetic resonance (NMR) is a powerful tool with a high sensitivity for chemical 
bonds in the local structure of the resonating nuclei, such as framework atoms, extra-
framework species, surface sites, and adsorbate complexes in zeolites. Therefore our ZSM-5 
samples with different SiO2/Al2O3 ratios have been analysed by MAS NMR to determine 
silica and aluminium coordination in the MFI structure. Fig.15 shows 27Al MAS NMR 
spectra of MAK-36 (SiO2/Al2O3=15), MAK-31 (SiO2/Al2O3=25), MAK-39 (SiO2/Al2O3 =10) 
and MAK-40 ((SiO2/Al2O3=20). All samples contain a sharp and intense band at 55 ppm that 
corresponds to framework aluminium (i.e., aluminium in tetrahedral coordination). However, 
MAK-39 (SiO2/Al2O3=10), samples contained a weak band at around 0 ppm which was 
assigned to extra-framework aluminium ((i.e., aluminium in octahedral coordination).  
Samples MAK-39 (SiO2/Al2O3=10) and MAK-40 ((SiO2/Al2O3=20) also show an extra broad  
a  b
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signal at 30–50 ppm which is caused by non-framework aluminium species in a disturbed 
tetrahedral or pentahedral coordination [136-137]. 
 
 
 
 
 
 
 
 
b 
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Fig.15.  27Al MAS NMR spectra of 
(a) MAK-36, (b) MAK-31, (c) MAK-39 and (d) MAK-20. 
 
 
 
d 
c 
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Fig.16 illustrates 29Si MAS NMR spectra of MAK-36 (SiO2/Al2O3=15) and MAK-39 
(SiO2/Al2O3 =10).  Both samples showed a sharp band at -106 to -113 which can generally be 
attributed to framework Si atom with three Si and one Al atom ( i.e., Si(1Al) ) [138], which 
proves a perfect ZSM-5 structure.  It is important to note that 29Si MAS NMR signal of 
Si(3Si,1OH) species occurs at similar resonance positions to Si(1Al) species. 
 
 
Fig.16.  29Si MAS NMR spectra of (a) MAK-36 and (b) MAK-39. 
 
Fig.17 represents 27Al MAS NMR spectra of sample MAK-28 which steamed at 800oC for 6 
hours and treated with 0.1M HCl for 24 hours together with parent ZSM-5 (HV94/48). In 
addition to the band at 55ppm which is caused by framework aluminium (i.e., aluminium in  
a 
b 
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tetrahedral coordination), sample MAK-28 (Fig.17, b) possesses sharp and broad bands at 
0ppm and 35ppm. These bands are attributed to extra-framework aluminium and non-
framework aluminium species in a disturbed tetrahedral or pentahedral coordination [139], 
respectively. Other bands that appeared in the lower field region show the evolution of 
distorted tetrahedral and higher coordination states. The exact assignment of these bands, 
however, has been a matter of controversy in the literature [140]. The extra-framework 
aluminium and the non-framework aluminium species are due to severe steaming and acid 
leaching [141-142]. 
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Fig.17.  27Al MAS NMR spectra of (a) parent ZSM-5( HV94/48 and (b) MAK-28. 
 
 
2.5 NH3 Temperature programmed Desorption 
(NH3-TPD) 
 
The temperature-programmed desorption technique, using ammonia as a molecular probe, is 
a well-known method to determine surface acidity and distinguish between weak and strong 
acid sites. It has been generally accepted that the TPD peak position is directly related to the 
strength of the acid site. Therefore, the low-temperature desorption peaks, which can be 
observed from 150 °C to around 250 °C, are due to the weak acid sites while the high-
temperature desorption peaks, which can be observed at temperatures above 250 °C, are due 
to medium to strong acid sites[143-145]. 
 
 
b 
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Figure 18 represents the NH3-TPD profiles of two selected samples from the self-synthesised 
ZSM-5 zeolites; MAK-36 (SiO2/Al2O3 = 15) and MAK-39 (SiO2/Al2O3 = 10).  
MAK-39 (SiO2 /Al2O3=10) showed more weak acid sites and fewer strong acid sites and both 
peak positions shifted at lower temperatures. MAK-36 (SiO2 /Al2O3=15) has strong acid sites 
in addition to a substantial amount of weak acid sites. 
 
 
Fig.18. NH3 -TPD profile of two self-synthesized samples MAK-39 and MAK-36. 
 
The integrated areas of weak and strong acid peaks were used to calculate the relative 
amounts of strong and weak acid sites, which are summarized in table 6. The data show that 
sample MAK-39 (SiO2/Al2O3 =10) contains more weak acid sites while both samples have 
almost the same amount of strong acid sites. If we look at the performance of these samples 
(3.10), we can conclude that high formic acid selectivity with good methane conversion, is  
 
MAK‐39 
MAK‐36 
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achieved with a certain ratio of weak and strong acid sites,  (typically with a weak/strong acid 
site ratio of about 2) as in sample MAK-36 (SiO2/Al2O3 = 15). 
 
Table 6: Integrated area of desorption peak of self-synthesized HZSM-5 catalysts in 
NH3-TPD profiles. 
 
The increase of the weak acid sites and the shift of the peak positions to a lower temperature 
in the case of MAK-39 were due to the EFA (Extra Framework Aluminum), which is caused 
by the high load of aluminum [146]. 
 
Figures 19, 20 and 21 illustrate the NH3-TPD profiles of some selected modified ZSM-5 
samples compared with the parent ZSM-5(HV94/48). 
Fig.19 illustrates NH3-TPD profiles of ZSM-5(HV48/94) modified by dealumination 
methods. The treatment of HZSM-5 (HV 94/48) by 2 M HCl for 24 h (MAK-23) led to an 
increase in weak acid sites compared with the parent HZSM-5 (HV 94/48). The increase of 
the weak acid sites was due to the EFA (Extra Framework Aluminum), which was extracted 
from the zeolite structure using that acid treatment [147]. 
When the parent HZSM-5 was steamed at 800°C for 6 hours, followed by an acid treatment 
with 0.1 M HCl for 24 hours, (sample MAK-28) both strong and weak acid sites were 
completely destroyed. The disappearance of the strong and weak acid sites from sample  
Sample Weak acid (250°C ) 
(x 106) (a.u.) 
Strong acid( 350°C ) 
(x 106) (a.u.) 
Weak acid / strong acid 
MAK-36 4.0 2.10  2 
MAK-39 8.4 2.3 4 
54 
Catalyst Characterization Results 
 
MAK-28, was due to the extraction of isolated aluminum from ZSM-5 structure by the severe 
steaming temperature and the leaching of EFA from the zeolite surface by the aqueous 
solution of HCl [148- 149].  
The modification of HZSM-5 (25) (HV94/48) at the same conditions of sample MAK-28 but 
at lower steaming temperature (500 °C) (MAK-25),  led to a decrease in the strong acid site 
and shift the weak acid sited to lower desorption temperature. This is mainly due to the 
remove of aluminum from ZSM-5 framwork because of the thermal treatment at relativily 
high temperature.     
	
 
 
Fig.19. NH3- TPD profile of dealuminated samples; 
MAK-23, MAK-28 and parent HZSM-5 (HV94/48). 
 
The ion exchange of ZSM-5(HV94/48) by nickel (MAK-33; 1 wt.-% Ni) and copper (MAK-
9; 1 wt.-%  Cu) (Fig.20), led to the creation of more weak acid sites. It may be due to the  
MAK‐23 
MAK‐28 
Parent HV94/48 
MAK‐25 
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presence of nickel and copper ions. An obvious decrease in the strong acid sites compared 
with the parent ZSM-5. This is most probably due to the occupation of the ZSM-5 channels 
and pores by the metal species and the adsorption of ammonia over the metal species [150- 
152]. 
 
 
Fig.20. NH3 -TPD profile of samples:  
MAK-33(1wt.-% Ni), MAK-9 (1wt.-% Cu) and parent HV94/48. 
 
 
Figure 21 illustrates the NH3-TPD profile of the samples after the modification of HZSM-5 
by phosphorus (MAK-57; 2 % wt-% P) and fluoride (MAK-52; treated with 1 M NH4F). As 
can be seen from the spectra in figure 21, MAK-57 showed an obvious decrease in both weak 
and strong acid sites compared with the parent ZSM-5 (HV94/48. This might be due to the  
 
 
MAK‐9 
MAK‐33  Parent 
HV94/48 
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pores of ZSM-5 zeolite being partly blocked in the presence of polymeric phosphates and the 
modification of the environment of originally free silanol group [153- 154]. Corma et al. 
[137] observed a clear reduction in acidity over P/ZSM-5 compared with the parent ZSM-5, 
mainly in Brönsted acid sites. They referred that to the formation of extra-framework 
P(OH)4+ cations via protonation of orthophosphoric acid by zeolite Brönsted acid sites. They 
also, conclude that the calcined phosphorus-containing ZSM-5, phosphorus exists mainly as 
cationic pyrophosphate or short-chain polyphosphate, and the Brönsted acidity of the zeolites 
is partially neutralized. Other group [174], proposed that the phosphorus species interact with 
the oxygen of the bridging hydroxyl groups by replacing the protons on them and result in the 
cleavage of the Al–O bonding and the opening of the zeolite framework. When phosphorus 
reacts with zeolite, the hydroxyl connected with aluminium atoms on the zeolite surfaces is 
replaced by P–OH, so the acid strength is weakened because the strength of P–OH is weaker 
than that of Al–OH. 
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Fig.21. NH3-TPD profile of the samples after the modification of HZSM-5 by 
phosphorus (MAK-57; 2 wt %) and fluoride (MAK-52; 1 M NH4F). 
 
The treatment of the parent ZSM-5 by 1 M NH4F (MAK-52) did not show any clear change 
in the acidity of the parent zeolite except for a slight shift of the weak and the strong acid site 
peak positions to a lower temperature. This might be caused by formation of extra-framework 
aluminum as a result of the treatment of ZSM-5 (HV94/48) by solution of NH4F [155]. The 
details of acid amount data over modified samples in table 7 show that the ratio of amount of 
weak acid sites to strong acid sites increased compared to the parent HZSM-5(HV94/48).  
 
 
 
 
MAK‐57 
MAK‐52 
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HV94/48 
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Table 7: Integrated area of desorption peak of parent and modified HZSM-5 catalysts  
 
NH3-TPD spectra of HZSM-5(25) (HV 94 /48, mordenite (12) ( HV 96 / 21) and HBEA(12) ( 
HV 96 / 13) zeolites ( Fig.22), revealed that they all have the well known two bands; weak 
cid sites (from 150°C to around 250 °C)  and strong acid sites (above 250°C). However, 
mordenite (12) (HV 96/21) showed higher weak and strong acid sites than zeolites HZSM-
5(25) (HV 94 / 48) and HBEA (12) (HV 96 / 13). It is clear from figures 22 that HZSM-5(25) 
(HV 94 / 48) and HBEA (12) (HV 96 / 13) have almost same acidity accept a slight shift to 
higher temperature in the acidity of HBEA (12) zeolite. 
 
Fig.22 NH3-TPD profile of HZSM-5(25) (HV94/48), mordienite (12) ( HV 96/21) and 
HBEA(12) ( HV96/13). 
Sample Weak acid (250 C) 
(x 106)(a.u.) 
Strong acid( 350 C) 
(x 106)(a.u.) 
Weak acid / strong acid 
HZSM-5 (HV94/48) 5.2 2.1 2.5 
MAK-52 4.5 1.5 3 
MAK-57 2.4 0.6 4.0 
HZSM‐5(25) 
59 
Catalyst Characterization Results 
 
2.6 Analysis of the FT-IR spectra 
 
The FTIR spectra of ion exchanged and calcined HZSM-5 with different SiO2/Al2O3 molar 
ratios are presented in Fig.23. For all samples, the FTIR spectra in the region of OH 
stretching vibrations exhibited very intensive and clear bands along the region  3500-3800 
cm-1 as the following [156- 159]: the bands in the region between 3700-3750cm-1 are caused 
by terminal silanol groups. This region has two clear peaks: the intensive and sharp peak at 
approximately 3745 cm-1 which is attributed to the silanol group in the external surface of 
ZSM-5 structure and the lower intensity band at around 3726 cm-1, which is assigned to 
internal silanol groups located inside the zeolite crystals. The high intensity of the band at 
3745 cm-1 indicates the presence of the high concentration of external silanol groups over all 
the samples surfaces. Additionally, since the intensity of the band at 3745 cm-1 is proportional 
to the external surface area and is therefore more intense for the smaller particles [160].  
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                            Fig.23. FTIR spectra of samples MAK-31, MAK-40, MAK-39  
and MAK-36 in the  region of OH starching vibrations. 
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On the basis of that, we can conclude that all our samples have mostly small particle sizes 
and that is the reason of the appearance of a very intensive band at 3745 cm-1 for all samples. 
The well defined band at 3615 cm-1 corresponds to Brönsted acid sites formed by the OH 
group located between Si and Al atoms in the crystal structure. These species were assumed 
to have a very strong acidity while the former bands at 3726 and 3745 cm-1 have 
comparatively weak Brönsted acidity. The difference in the SiO2/Al2O3 ratio along samples 
ought to reflect a difference in the intensity of the band at 3610 cm-1, consistent with a 
decrease or increase in the number of Brönsted acid sites in the materials. Although, sample 
MAK-36 (modul 15) showed some higher intensity in this band but since the SiO2/Al2O3 
molar ratios for samples are close to each other (modul10 to 25), it is hard to notice the 
difference between the samples. The bands in the region between 3650-3670 cm-1 which have 
been ascribed to OH groups bonded to extra-framework and /or perturbed framework Al 
atoms (Al-OH) [161]. It has to be mentioned that these groups easily dehydroxylate and, 
therefore, the intensity of the absorption in this region cannot be used as a quantitative 
measure of the extraframework and/or perturbed framework Al atoms [157]. The band 
centered at 3500 cm-1, which is generally ascribed to silanol nests that consist of a number of 
silanol groups interacting through extended hydrogen bonding.  Such nests typically occur at 
crystal steps or extended defects. The band at 3781cm-1 which is called the “very high 
frequency” band [162]. These species are terminal Al–OH groups with medium acidity. All 
samples have the same bands with almost the same intensities giving further evidence of the 
success of the syntheses of HZSM-5 samples, even with high aluminum contents. However, 
sample (MAK-36; SiO2/Al2O3 =15) is distinctive as it has more intense peaks in the regions 
between 3610 to 3670 cm-1. That is in general attributed to Brönsted acid sites (Al-OH-Si),  
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OH groups bonded to extra-framework and /or perturbed framework Al atoms (Al-OH) 
respectively.  
The pyridine adsorption in combination with FT–IR measurements present the nature of the 
acid sites. The brand at 1545 cm-1 which is attributed to pyridine bound on Brönsted acid 
sites; the band around 1440-1450 cm-1 is assigned to pyridine bonds on Lewis acid sites (e.g., 
adsorption of pyridine at an exposed aluminium cation) and the band at 1480 cm-1 is 
attributed to both Brönsted and Lewis acid sites [e.g., 163-165]. 
Fig.24 shows the IR spectra of pyridine adsorbed on HZSM-5 catalysts with different 
SiO2/Al2O3 molar ratios after desorption at 200 °C. Among the four samples, there are more 
Brönsted and Lewis acid sites on sample MAK-36 (SiO2/Al2O3=15) which in turn led to 
increase the total amount of Brönsted and Lewis acid sites (band 1480 cm-1 ). HZSM-5 with 
SiO2/Al2O3=10 (MAK-39) has intense and broad band in the region between 1460-1420 cm-1 
which demonstrate the presence of high amount of Lewis acid sites. The weakness of the 
band on sample (MAK-39; modul 10) at 1545 cm-1 revealed that this sample did not have 
high amount of Brönsted acid sites. As a result the aluminium in the ZSM-5 framework has 
limited amount. Adding higher aluminium amounts lead to have alumina as extra-framework. 
No noticeable difference in the band intensities between the samples MAK-40 (SiO2/Al2O3 
=20) and MAK-31(SiO2/Al2O3 =25. 
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Fig.24. FT-IR spectra of pyridine adsorbed on samples MAK-31, MAK-39, 
MAK-40 and MAK-36 after desorption at 200 °C. 
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Fig.25 gives the IR spectra of pyridine adsorbed on the dealuminated HZSM-5 samples and 
the parent HZSM-5 (HV94/48). Sample MAK-28 which was steamed at 800 °C for 6 hours 
and washed with 0.1M HCl, lost all Brönsted acid sites and Lewis acid sites and the peaks at 
1440 cm-1 and 1480 cm-1 may be caused by physisorbed pyridine. The dealumination by 
severe steaming led to destruction of the framework OH, which in turn led to destruction of 
the Brönsted acid sites [147,166]. The modification of HZSM-5 (25) (HV94/48) at the same 
conditions of sample MAK-28 but at lower steaming temperature (500 °C) (MAK-25),  led to 
a decrease in both Brönsted and Lewis acid sites it is shown in Fig.25. This is mainly due to 
the remove of aluminum from ZSM-5 framwork at relativily high  staeming temperature and 
because of the wash of the formed aluminum extaframwork from ZSM-5 surfance by HCl 
solution. Treatment with an aqueous solution of 2 M HCl for 24 hours (MAK-23) led to a 
decrease in Brönsted and Lewis acid sites and shifted the peaks to the Lewis acid sites 
position, mainly due to the dealumination of the zeolite framework and the removal of 
aluminum and Si-species from the extra framework alumina [167]. 
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Fig.25. FT-IR spectrum of pyridine adsorption of dealuminated samples; MAK-23, 
MAK-28 and parent HZSM-5 (HV94/48 after desorption at 200 °C. 
 
Fig.26 represents FT-IR spectra of pyridine adsorbed on samples after the ion exchange of 
ZSM-5 (HV48/94) by nickel (MAK-33; 1 wt % Ni) and copper (MAK-9; 1 wt % Cu). Both 
samples showed a decrease in Brönsted acid sites and Lewis acid sites compared with the  
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parent zeolite [168]. The ion exchange of ZSM-5 by nickel caused a blockage of channels 
and zeolite pores, which led to, decreased acidity compared to the parent zeolite [169].The 
introduction of copper into HZSM-5 (MAK-9, 0.1M Cu (NO3)2) led to a decrease in Brönsted 
acid sites as the acid sites are replaced by the exchanged copper species. But exchanged 
copper species did not generate additional Lewis acid sites as expected. The relatively low 
bands at 1440 and 1480 cm-1 are attributed to pyridine adsorbed on copper species [170]. 
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Fig.26. FT-IR of pyridine adsorption of samples: MAK-33 (1 wt.-% Ni), MAK-9 (1 wt.-
% Cu) and the parent HV94/48 after desorption at 200 °C. 
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The treatment of parent ZSM-5(HV94/48) with 1.5 NH4F by incipient wetness impregnation 
and stepwise activation (MAK-53) led to a decrease in both Brönsted and Lewis acid sites 
(Fig.27). This might be because of some tetrahedral-coordinated aluminium atoms were 
partly removed from the zeolite framework during fluorination and the extra-framework 
aluminium formed was washed out by the solution. This has been reported elsewhere [171] 
and it has been shown that the fluorination of HZSM-5 by NH4F is an effective way to 
decrease the number and strength of acidic sites. 
The impregnation of phosphorous by the same method (MAK-57, 2wt.-%  P/ZSM-5) showed 
more Brönsted and Lewis acid sites than MAK-52 sample but its acidity was lower than the 
parent ZSM-5(HV94/48) (Fig.27). The reduction of Brönsted and Lewis acid sites after the 
modification of HZSM-5 with phosphorous was found in other studies [172-173].  Lercher et 
al. [174] proposed that the phosphorus species interacts with the oxygen of the bridging 
hydroxyl groups by replacing the protons on them and results in the cleavage of the Al–O 
bonding and the opening of the zeolite framework which in turn decreases the HZSM-5 
acidity. Also, when phosphorus reacts with zeolite, the hydroxyl connected with aluminium 
atoms on the zeolite surfaces is replaced by P–OH, so the acid strength is weakened because 
the strength of P–OH is weaker than that of Al–OH. In another reference [149], it is 
suggested that during calcinations, some of the Brönsted acid sites are neutralised by 
attaching P species, and subsequent hydrothermal treatment of P/HZSM-5 converts the P 
species to more condensed phase which block pores of zeolite reversibly. 
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Fig.27. FT-IR of pyridine adsorption of two samples after the modification of HZSM-5 
by phosphorus (MAK-57; 1 wt.-% P) and fluoride (MAK-52; 1 M NH4F) after 
desorption at 200 °C. 
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The intensities of the bands at about 1540 cm-1 and 1440 cm-1 were used to calculate the 
relative changes in the densities of Brönsted and Lewis acid sites. As shown in table 8, the 
data reveal that the modification with 2 wt.-% P (MAK-57) and the treatment with 1.5 M 
NH4F led to a decrease in both Brönsted and Lewis acid sites densities in both samples 
compared with the parent HZSM-5 (HV94/48). From FT-IR pyridine and NH3–TPD 
measurement results, we can conclude that all modification methods led to a decrease in 
acidity when compared to the parent zeolite. These results have a good correlation with the 
performance of these catalysts, as all these samples gave lower performance than the parent 
commercial zeolite (HV94/48) as well the self-synthesised zeolites such as MAK-36, MAK-
31 and MAK-40. 
Table 8:  The concentrations of Brönsted and Lewis acid sites obtained by pyridine 
adsorption for modified HZSM-5 and parent HZSM-5 (HV94/48) at 200 °C degassed 
temperature. 
 
Sample 
Brönsted acid sites 
1540 cm-1 (a.u) 
Lewis acid sites 
1440cm-1 (a.u) 
Brönsted+ Lewis 
sites (a.u) 
MAK-57 106 107 213 
MAK-52 91 87 178 
HV94/48 150 133 283 
 
 The spectra of pyridine-FT-IR (Fig.28), showed that HZSM-5(25) (HV94/48) and mordenite 
(12) (HV 96/21) zeolites have more Brönsted sites (band 1545 cm-1) compared with HBEA 
(12) (HV96/13) zeolite. However HBEA (12) (HV96/13) has more Lewis acid  
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sites and its Brönsted and Lewis sites appeared at lower wave numbers compared with 
HZSM-5(25) (HV94/48) and  mordenite (12) (HV 96/21) (Fig.28). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.28. FT-IR of pyridine adsorption of HZSM-5(25) (HV94/48), mordienite (12) (HV 
96/21) and HBEA (12) (HV96/13) after desorption at 200 °C. 
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3. Catalyst Tests 
The preliminary experimental test for the conversion of methane with hydrogen peroxide 
reaction revealed that the following reactions may occur: 
       CH4 + 3H2O2                             HCOOH + 4H2O              (10) 
       CH4 + 4H2O2                              CO2 + 6H2O                     (11) 
       HCOOH + H2O2                         CO2 + 2H2O                     (12) 
             H2O2                                      H2O + ½ O2                     (13) 
3.1 Catalyst screening  
 
Several catalysts have been selected and tested to oxidize methane to its oxygenates using 
hydrogen peroxide as oxidation agent. These catalysts were; Al2O3, TiO2, TS-1, H-ZSM-5, 
Al-MCM-41, Ti-SBA-15 and Ti-MCM-41. They were selected because they have been 
applied in different oxidation reactions in presence of hydrogen peroxide as oxidation agents 
[e.g., 175-185]. 
Much attention and effort have been given to TS-1 catalyst because it is a well known 
oxidation catalyst which is applied in many oxidation reactions with H2O2.  Some of these are 
already used commercially such as hydroxylation of phenol [56], ammoxidation of 
cyclohexanone to cyclohexanonoxime [175] and the production of propylene oxide [63]. 
Therefore the idea was that H2O2 / TS-1 system could convert methane under certain 
conditions. All possible parameters were tested in different variations in different ranges but 
methane conversion was very poor. In addition, catalysts such as Al-MCM-41, Ti-SBA-15, 
Ti-MCM-41, Al2O3 and TiO2, showed very poor methane conversion.  
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Surprisingly, among all these catalysts, H-ZSM-5 (25) zeolite catalyst showed high activity 
and very good selectivity. Methane conversion over H-ZSM-5 (25) catalyst was much higher 
than over all other catalysts (Fig.29) and (table 9).   
 
 
Fig.29. Methane conversion over different catalysis. 
 Test No: MA-127, MA-128, MA-115, MA-130, MA-131, MA-135, and MA-14.  
Conditions: 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), catalyst amount 0.25 g, 1h, 60° 
C,400 rpm. 
 
             Table 9:  The performance of different catalysts. 
Test No. Catalyst CH4 Conv. (mol %) HCOOH Sel. on CH4 (mol %) HCOOH yield (mol %) 
MA-127 Al2O3 0.060 40.00 0.024 
MA-128 TiO2 0.540 72.50 0.392 
MA-115 TS-1 1.820 84.25 1.531 
MA-130 H-ZSM-5 15.70 70.26 13.19 
MA-131 Al-MCM-41 0.820 77.00 0.631 
MA-135 Ti-SBA-15 3.160 90.22 2.850 
MA-141 Ti-MCM-41 0.639 77.45 0.495 
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Methane conversion in the range between 5-25 mole % can be obtained. The main product 
was formic acid and the by-product was only CO2, which is an advantage for this reaction 
because in the presence of only one by–product it is easier to control the selectivity than if 
there are many products. The good performance of HZSM-5 amongst all tested catalysts may 
be attributed to the fact that HZSM-5 zeolite is a crystalline aluminum silicate material with 
medium micropore size and unique structure. The acid centers of zeolites have regular 
arrangement within the zeolite skeleton. We assume that in the pentasil zeolite pores there is 
a high concentration of strong acid sites, preferably Brönsted acid sites, in a constrained 
environment. Such features are not combined in the other catalysts tested. Al2O3 and TiO2 are 
non-pore materials. Ti-MCM-41, Al-MCM-41 and Ti-SBA-15 are non-crystalline 
mesoporous materials. Methane oxidation with H2O2 may need acidic and pores material and 
the unique topology which is provided by HZSM-5 catalyst. Although TS-1 has the same 
structure as HZSM-5 (MFI), it showed very low activity compared with HZSM-5. This is 
attributed to the fact that, the acidities of Brönsted acid sites in TS-1 is much, much weaker 
than in HZSM-5.  It has been found that the acidities of Brönsted to decrease in the order of 
Al-ZSM-5 > Fe-ZSM-5 > B-ZSM-5 > TS-1 [186]. The Brönsted acidity of TS-1 zeolite is 
even weaker than that of B-ZSM-5 zeolite. The oxidation of methane by H2O2 may needs the 
unique strong Brönsted acid which provided by HZSM-5. 
This result demonstrates the pivotal role of the acid type and the acid strength in the oxidation 
of methane using H2O2 as oxidation agent. 
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3.2 Blank test  
 
Three blank experiments were carried out under the same conditions mentioned above; first 
experiment was methane and hydrogen peroxide without catalyst. The second one was 
methane and ZSM-5 catalyst without hydrogen peroxide using water as a reaction medium. 
Finally, hydrogen peroxide and ZSM-5 catalyst were mixed without methane.  As expected 
there was not any conversion or any detectable product observed. 
 
3.3 Influence of zeolite topology 
 
From the catalyst screening, HZSM-5 was found to be an active catalyst for methane 
oxidation into oxygenates in the presence of hydrogen peroxide oxidant. It was therefore 
worth testing other type of zeolites to investigate the effect of zeolite topology. Thus, in 
addition to HZSM-5 (SiO2/Al2O3=25), the reaction was conducted over H-mordenite 
(SiO2/Al2O3 =12), HBEA (SiO2/Al2O3 =12) and HY (SiO2/Al2O3). As shown in Fig.30, and 
table 10, methane conversion was very poor over H-mordenite, HBEA and HY.  Despite the 
relatively high H2O2 decomposition and CO2 formation, HZSM-5 (SiO2/Al2O3 =25) (HV 
94/48) gave very good conversion of about 16 mole % with high selectivity based on 
methane and H2O2 conversion. 
Neither particle size (table 3) nor acidity measurements (NH3-TPD; Fig.22) and (pyridine-
FTIR; Fig.28) explain the performance of these catalysts which prove the influence of zeolite 
topology for the investigated reaction. 
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ZSM-5 has 10-membered rings systems and two types of channels system: straight channels 
with diameter of (5.1 Å × 5.6 Å) perpendiculars to zigzag channels running with a diameter 
of (5.4 Å x 5.6 Å). Zeolite Y has 12-member oxygen ring system with large channel diameter of 
7.6 Å. Beta zeolite has two 12-membered ring linear channels (5.7 × 7.5 Å) in different 
crystallographic directions intersect partially, while a third, sinusoidal (tortuous) channel (5.6 × 
6.5 Å) is formed by these intersections. Mordenite consists of two pore types: 12-ring elliptical 
channels (6.5 × 7.2 Å) and 8-ring (3.4 × 4.8 Å) [84, 187]. Zeolites Y, beta and mordenite are 
classified as large pore size zeolites while ZSM-5 as medium pore size. 
The investigated reaction seems to prefer the medium micropores and the unique structure of 
HZSM-5. In addition, HZSM-5 is stabile in the liquid phase. From these results, we can 
conclude that ZSM-5 zeolite is a unique and super catalyst for our reaction.  Although the 
zeolite types which have been tested have different SiO2/Al2O3 molar the reaction tests gave 
very clear evidence that HZSM-5 with MFI topology is the most active catalyst for methane 
conversion into oxygenates using H2O2 as an oxidation reaction. 
 
Fig.30. Influence of zeolite topology. 
Test No: MA-542. MA-283, MA-284, MA-282. 
Conditions: 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), catalyst amount 0.25g, 1 h, 60 °C, 
400 rpm.
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Table 10: Influence of zeolite topology. 
 
 
 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar (CH4 / H2O2 =3.67), catalyst amount=0.25, 1 h, 60 °C, 400 rpm. 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol%) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-542 MOR-12 Mordenite( SiO2/Al2O3 =12 ) 0.50 100 0 12 88 13 0 100 100 
MA-283 HBEA-12 HBEA(SiO2/Al2O3 =12 ) 0.60 79 21 2 98 78 21 100 100 
MA-284 HV94/48 HZSM-5 (SiO2/Al2O3=25 ) 16 70 30 56 44 60 30 98 100 
MA-282 HV95/16 HY( SiO2/Al2O3 =52) 0.43 78 22 1 99 85 22 100 100 
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3.4 Influence of SiO2/Al2O3 molar ratio  
 
For zeolite catalysts, the Lewis acid numbers and the Brønsted acidity of bridging Si–(OH)–
Al sites are generated by the presence of aluminum on the silicate surface and in the silica 
framework respectively. The density of the acid sites is dependent on aluminum content.  It is 
therefore expected that the variation of the SiO2/Al2O3 molar ratio will affect the catalytic 
performance of HZSM-5 zeolites in methane conversion to oxygenates. The effect of 
SiO2/Al2O3 molar ratio on the surface properties of HZSM-5 zeolites and catalytic 
performance has been studied for many reactions [e.g., 188–191]. HZSM-5 zeolites with 
different SiO2/Al2O3 molar ratios were studied in methane conversion to oxygenates using 
SiO2/Al2O3 = 1000 (HV 09/10), 500 (HV 09/25), 300 (HV97/15), 100 (HV97/15), 50 
(HV11/04), and 25 (HV 94/48) molar ratios. As can be seen from (Fig.31 and table 11), the 
conversion of methane exhibits a linear increase (from low to high Al contents). It can be also 
concluded that the yield of formic acid increased upon the decrease of SiO2/Al2O3 ratio. The 
best performance was obtained over SiO2/Al2O3=25 with 16 mole % methane conversion and 
11 mole % or  9 mole %  formic acid yield on base of methane and hydrogen peroxide, 
respectively while the lowest performance was over low aluminum content 
(SiO2/Al2O3=1000).  
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Fig.31. Influence of SiO2/ Al2O3 molar ratio. 
          Test No: MA-243, MA-277, MA-278, MA-279, MA-280, and MA-281. 
Catalysts: HV 94/48, HV11/04, HV 97/01, HV97/15, HV 09/25, HV 09/10, respectively. 
         Conditions: 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), catalyst amount 0.25 g, 1h, 
60 °C,400 rpm
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Table 11: Influence of SiO2/Al2O3 molar ratio. 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar (CH4 / H2O2 =3.67), catalyst amount=0.25, 1 h, 60 °C, 400 rpm. 
 
 
 
 
 
Test No. SiO2/Al2O3 
(mole  ratio) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
( mol %) 
C   
(mol %) 
O  
(mol %) 
243 25 16 70 30 55 45 60 44 98 100 
277 50 12 72 28 54 46 48 36 98 100 
278 100 10 74 26 58  42 38 28 99 100 
279 300 6 76 24 58  42 25 19 100 100 
280 500 2.5 79.00 21 42  68 14 10 100 100 
281 1000 0.02 44.00 64 0.5  99.5 5 5 100 100 
81 
Catalyst Tests 
 
 
From these results it can be concluded that methane conversion, as well as formic acid 
formation, need more acid sites with a certain acidic strength. The high stability of methane 
(C-H) bonds may need high acid density to facilitate the dissociation of these strong bonds, 
and a certain amount of Brönsted sites are necessary to obtain high formic acid selectivity. 
These properties are provided by HZSM-5 with SiO2/Al2O3=25. It is also worth to mention 
here that the self-synthesized HZSM-5 (MAK-36) with SiO2/Al2O3=15 gave even better 
performance than HZSM-5 with SiO2/Al2O3=25 (HV94/48). This catalyst gave high formic 
acid selectivity (85 mole % based on methane conversion) and about 78 mole % (based on 
H2O2 conversion) at a very good methane conversion (21 mole %) which is another evidence 
of the above conclusion. However, for the parameter optimization for the investigated 
reaction, only the commercial HZSM-5 with SiO2/Al2O3=25 (HV94/48) is used because there 
was not so much material of self-synthesized HZSM-5 with modul 15 (MAK-36) available. 
Despite the increase of the decomposition of H2O2 and CO2 formation over HZSM-5 catalysts 
with low SiO2/Al2O3 (high numbers of acid sites with low acidic strength) comparing with 
the HZSM-5 with high SiO2/Al2O3  (Fig.31 and table 11), it seemed that certain amount of 
hydrogen peroxide conversion is necessary to oxidize methane and to obtain high formic acid 
yield.  
 It should be noted that the particle size of the different HZSM-5 change strongly with the 
variation of the SiO2/Al2O3 molar ratio [190], which may affect the catalyst performance too. 
To date, no information about the influence of the particle size on the performance of the 
HZSM-5 in methane oxidation by H2O2 is disclosed. The analysis of particle size of some of 
these samples by XRD using Scherrer equation revealed that they are varying upon the 
SiO2/Al2O3. Particle sizes of the ZSM-5 (HV94/48; SiO2/Al2O3=25) is about 24 nm while it is  
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67 nm n for HZSM-5 (HV 11/04; SiO2/Al2O3= 50) and 47 nm for HZSM-5 (HV 97/01; 
SiO2/Al2O3=100), respectively. So, it is most likely that the good performance of HZSM-5 
for the investigated reaction depend on the acidity of HZSM-5 ( Brönsted acid sites and 
Lewis acid sites) rather than the HZSM-5 particle size. 
 
3.5 Effect of different oxidants 
 
In order to investigate the effect of the oxidation agents, the reaction was carried out using 
pure oxygen or air with distillated water as a reaction medium with HZSM-5 (HV94/48) 
catalyst, but no methane conversion was detected. At low temperatures, the oxygen gas 
cannot be activated to give the required oxygen radical to oxidize methane.  
A mixture of hydrogen peroxide and pure oxygen or air (Fig.32 and table 12), has been tested 
as co-oxidants for H2O2. There is no positive effect of pure oxygen or air on the conversion or 
on the selectivity. In contrary, there is a decrease in methane conversion and formic acid 
selectivity because the presence of oxygen or air may partially prevent the direct contact 
between methane, hydrogen peroxide and the catalyst. 
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Fig.30. Effect of different oxidants. 
Test No: MA-243, MA-275 and MA-276. 
Conditions: 5 ml 30 % H2O2, methane: 60 bar (CH4/H2O2=3.67), 0.25g ((ZSM-5 (25) 
(HV94/48)), 1h, 60 °C, 400 rpm, O2 and air 7 bar
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Table 12:  Effect of different oxidants over HZSM-5(25) (HV94/48) catalyst 
 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar (CH4 / H2O2 =3.67), catalyst amount=0.25, 1 h, 60 °C, 400 rpm. 
 
 
 
 
Test No. Oxidant CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on  CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C 
(mol %) 
O 
(mol %) 
243 H2O2 15.70 70 30 55 45 60 44 98 100 
275 H2O2 +O2 14.76 68 32 51 
49 
 60 45 99 100 
276 H2O2 +air 12.97 63 33 41 59 60 47 99 100 
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3.6 Optimization of reaction conditions over HZM-
5(25) (HV94/48) 
  
Based on the result of catalyst screening, methane was converted successfully over pure H-
ZSM-5 (25)( HV94/48) catalyst using hydrogen peroxide as oxidation agent. Thus, it is 
necessary to ascertain the best conditions to conduct this reaction. For this purpose, the 
reaction was carried out over H-ZSM-5 under different conditions to determine the optimum 
parameters. The reaction was conducted by varying methane pressure, reaction temperature, 
catalyst amount, reaction time, hydrogen peroxide concentration and hydrogen peroxide 
dosage. 
3.6.1 Influence of methane pressure 
The influence of methane pressure was studied in the range between 40-80 bar. Methane 
conversion decreased from low to high methane pressure from 21 mole % to 10 mole % for 
40 and 80 bars respectively (Fig.33 and table 13). It may be attributed to the fact that under 
such conditions with high methane pressure the system has a high excess of methane. 
Therefore, the conversion of methane is low. In contrast, the selectivity increased from low to 
high pressure. It may have increased because the deep oxidation to CO2 was prevented due to 
the high access of methane which is clear from the low CO2 formation at high methane 
pressure. These results indicate that 60 bar was the most suitable methane pressure because it 
gave the optimum formic acid yield with a good methane conversion. 
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Fig .33. Influence of methane pressure. 
Test No: MA-242, MA-239, MA-243 and MA-244. 
Conditions: 5ml 30 % H2O2, 0.25 g ((ZSM-5 (25) (HV94/48)), reaction time- 1h ,60 
°C,400 rpm.
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Table13:  Influence of methane pressure. 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar (CH4 / H2O2 =3.67), catalyst amount=0.25((ZSM-5 (25) (HV94/48)), 1 h, 60 °C, 400 rpm. 
Test No. Pressure 
( bar ) 
CH4/ H2O2 
(mol %) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4  
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
243 40 2.45 21 51 49 45 55 71 50 99 100 
275 50 3.1 17 64 36 49 51 65 48 98 100 
276 60 3.67 16 70 30 55 45 60 44 98 100 
277 80 4.90 10 77 23 41 59 56 46 9 100 
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3.6.2 Influence of reaction temperature  
 
The effect of temperature on the progress of methane oxidation is a very important parameter.  
From the previous experimental works [192-193], it is well known that oxidations with H2O2 
are performed at a range from room temperature to maximum 80 °C to avoid the thermal 
decomposition and for safety considerations [194]. Thus, the effect of reaction temperature 
on methane oxidation was studied in the range between 30-80 °C. The results presented in 
Fig.34 and table 14 demonstrated that the conversion increased with increasing reaction 
temperature while the selectivity decreased. The maximum yield which was reached at 60 °C 
is about 11 and 9 mole % based on both methane and hydrogen peroxide conversion, 
respectively. Despite, the selectivity is not being the best and the relatively high H2O2 
decomposition (44 mole %) and CO2 formation (30 mole % based on CH4 and 45 mol % 
based on H2O2) compared with lower temperatures, it seemed that 60 °C is the most suitable 
reaction temperature to conduct this reaction. It gave a good balance to obtain high formic 
acid selectivity with good methane conversion and in turn high formic acid yield. When the 
temperature exceeded 60°C, the selectivity based on methane and hydrogen peroxide 
conversion decreased sharply and CO2 formation based on methane and hydrogen peroxide 
conversion increased as well as hydrogen peroxide decomposition (Fig.34 and table14). At 
high temperature with 60 bars methane pressure, methane may oxidize also thermally to CO2 
which leads to higher decrease in the selectivity.  
It should be emphasized here that at temperatures higher than 40 °C, hydrogen peroxide 
decomposition is high (from 25 to 79 mole %) as can be seen in Fig.34 and table 14. At the  
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applied conditions, hydrogen peroxide is very sensitive especially for temperature, catalyst 
loadings and reaction time. However, we should select the reaction temperature which gives 
high methane conversion with high formic acid selectivity which was obtained at 60 °C as 
already discussed above. 
 
Fig.34. Effect of reaction temperature.  
Test No: MA-245, MA-244, MA-246, MA-243 and MA-248.  
Conditions 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), 0.25 g ((ZSM-5 (25) (HV94/48)), 
reaction time- 1h, 400 rpm. 
90 
Catalyst Tests 
 
 
Table 14: Effect of reaction temperature. 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar (CH4 / H2O2 =3.67), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 1 h, 400 rpm. 
Test No. Temperature  
(°C ) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4  
(mol %)
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2  
(mol %)
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C 
 (mol %) 
O  
(mol %) 
245 30 2.6 96.50 3.5 68 32 11 8 100 100 
244 40 7.6 91 9 64 36 32 24 99 100 
246 50 10.0 79 21 52 48 46 35 99 100 
243 60 15.7 70 30 55 45 60 44 98 100 
248 80 20.9 48 52 30 70 99.50 79 99 100 
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3.6.3 Influence of catalyst loadings    
 
As can be seen in figure 35 and table 15, the results revealed that the conversion of methane 
increased as the catalyst loading increased. The decomposition of hydrogen peroxide and 
CO2 formation also increased but the selectivity of formic acid based on methane conversion, 
decreased as the catalyst loading increased. Formic acid selectivity on base of H2O2 remained 
constant at low catalyst loadings but it decreased when the loading exceeded 0.25 g. 
Comparing with different loadings of catalyst, 0.25 g gave very good formic acid selectivity 
and methane conversion with lower CO2 formation of about 30 mole % based on methane 
and 45 mole % based on H2O2 and H2O2 decomposition of about 44 mole %. This amount of 
catalyst resulted in the best balance between conversions, selectivity to obtain reasonable 
formic acid yield. 
 
Fig.35. Effect of catalyst loadings. 
Test No: MA-249, MA-250, MA-243, and MA-251and MA-252. 
Conditions: 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), 60° C, catalyst: (ZSM-5 (25) 
(HV94/48), reaction times- 1h, 400 rpm. 
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Table 15: Effect of catalyst loading of ZSM-5 (25) (HV94/48). 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =3.67), 1 h, 60 °C, 400 rpm. 
 
 
 
Test No. Catalyst (g) CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4  
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2  
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
249 0.05 7 78 22 53 47 31 24 99 100 
250 0.1 11 74 26 54 46 45 34 99 100 
243 0.25 16 70 30 55 45 60 44 98 100 
251 0.50 19 60 40 49 51 75 56 98 100 
252 1 24 53 47 38 62 99.5 76 98 100 
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High catalyst load causes high decomposition of hydrogen peroxide and led to deep oxidation 
of formic acid to form CO2 which caused the decrease in the selectivity.  Furthermore, the 
high excess of catalyst amount itself might increase methane oxidation to CO2 at the applied 
reaction conditions. 
 
3.6.4 Influence of reaction time  
 
Methane oxidation was assessed by running at different reaction times (Fig.36) and (table 
16). Methane conversion increased with the reaction processing, which is due to the 
consumption of hydrogen peroxide by oxidation of methane to formic acid and by the self-
decomposition. The selectivity decreased gradually over time while CO2 formation and H2O2 
decomposition increased because a longer reaction time allows further oxidation of formic 
acid with H2O2 to form CO2. It seems that a reaction time between 30 minutes and one hour 
is preferred for the reaction to maintain hydrogen peroxide from the high decomposition and 
to prevent the further oxidation of methane and formic acid, while a reaction time of less than 
30 minutes gave low methane conversion and selectivity because the time was not sufficient 
to convert methane under such reaction conditions. 
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Fig.36. Influence of reaction time. 
Test No:  MA-253, MA-243, MA-254 and MA-256. 
Conditions: 5 ml 30 % H2O2, 60 bar (CH4/H2O2=3.67), 60 °C, 0.25 g ((ZSM-5 (25) 
(HV94/48)), 400 rpm.
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Table 16: Influence of reaction time. 
 
Conditions: 5 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =3.67), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 400 rpm. 
 
 
 
 
 
 
Test No. Reaction time 
(h) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4  
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2  
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
253 0.5 12 74 26 62 38 45 32 99 100 
243 1 16 70 30 55 45 60 44 98 100 
254 2 19 57 43 41 59 78 61 99 100 
256 4 23 48 52 35 65 94 72 99 100 
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3.6.5 Influence of hydrogen peroxide concentration  
 
The influence of hydrogen peroxide concentration has been investigated by varying the 
concentration between 7.8 % and 50 % wt. It was observed that methane conversion 
increased from about 7 mole for 7.8 wt.-% H2O2 to 17 mole % for 50 wt. - % H2O2. The 
formic acid selectivity based on both methane and hydrogen peroxide conversion increased. 
Thereby, the CO2 formation (especially based on methane) was relatively low as the 
concentration of hydrogen peroxide increased when it was less than 30 wt.-% H2O2 (Fig.37) 
and (table 17). This is due to that at high hydrogen peroxide concentrations, high access of 
un-reacted hydrogen peroxide causing deep oxidation of formic acid to CO2. Low 
concentrations of hydrogen peroxide may not be efficient for high methane conversion. The 
effect of H2O2 concentration can be explained as follows:  at certain methane / H2O2 molar 
ratio the equilibrium between methane and hydrogen peroxide was oriented to give higher 
formic acid yields than at other ratios.  So, the concentration of 30 wt.-% H2O2 at a methane / 
H2O2 molar ratio of about 3.67 was the most suitable to give the best yield although it showed 
higher H2O2 decomposition than 50 wt.-%. 
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Fig.37. Effect of hydrogen peroxide concentration. 
Test No: MA-222, MA-223, MA-243 and MA-226. 
Conditions: 5 ml H2O2, 60 °C, 60 bar, 0.25 g ((ZSM-5 (25) (HV94/48)), reaction time 1h, 
400 rpm. 
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Table 17: Effect of hydrogen peroxide concentration. 
 
Conditions: 5 ml H2O2, 60 bar, 60 °C, (CH4 / H2O2 =3.67), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 1 h, 400 rpm. 
 
 
 
Test No. H2O2 conc. (wt. - %) 
CH4/ H2O2 
( mol ) 
CH4 Conv. 
(mol %) 
HCOOH Sel. onCH4 
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 
Conv. (mol %) H2O2 decomp. ( mol%) 
C 
(mol %) 
O 
(mol %) 
MA-222 7.80 14 6.6 64 36 48 52 100 93 99 100 
MA-223 15.40 7 9 66 34 52 48 72 63 98 100 
MA-243 30.00 3.7 16 70 30 56 44 60 44 99 100 
MA-226 50.00 2.2 17 56 44 42 58 40 27 99 100 
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3.6.6 Influence of hydrogen peroxide dosage  
 
It has been found that the dosage of hydrogen peroxide is another parameter influencing the 
results of this oxidation reaction. Hydrogen peroxide dosage was investigated in the range 
between 1-11 ml from 18.4 to 1.60 methane / H2O2 molar ratio. Hydrogen peroxide 
concentration was kept constant at 30 wt %. Fig.38 and table 18, illustrate that methane 
conversion increased with increasing hydrogen peroxide dosage until it reached the 
maximum of about 16  mole % at 5 and 7 ml, then it decreased to 13 mole % at 11ml. Formic 
acid selectivity based on methane and hydrogen peroxide conversion followed the same trend 
of methane conversion, i.e. it is increasing with enhancing hydrogen peroxide dosage until it 
reached the maximum at 7 ml, then it dropped sharply at 11ml H2O2 dosage.  
7 ml of hydrogen peroxide dosage gave the highest formic selectivity based on methane 
conversion of about 78 mole % at good methane conversion of 16 mole % and it showed 
tolerable H2O2 decomposition ( 37 mole %)  and CO2 formation ( 22 mol% based on CH4 and 
47 mole% based on H2O2) as it can be seen in  Fig.38 and table 18. Very high hydrogen 
peroxide decomposition is not preferred to carry out the reaction because most of the 
consumption of hydrogen peroxide will produce water and oxygen gas and oxygen can not 
oxidize methane to form formic acid. A certain hydrogen peroxide conversion and a certain 
methane / H2O2 molar ratio (in this case 2.6) are necessary to oxidize methane and to form 
high yield of formic acid. These two reasons may explain why the use of 7 ml gave the best 
reaction performance. 
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Fig.38. Effect of hydrogen peroxide dosage. 
Test No: MA-264, MA-261, MA-243, MA-262 and MA-263. Conditions 30 % H2O2, 60 
°C, 60 bar, 0.25 g ((ZSM-5 (25) (HV94/48)), reaction time 1 h, 400 rpm. 
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Table 18: Effect of hydrogen peroxide dosage. 
 
Conditions:  30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =3.67), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 1 h, 400 rpm. 
 
 
 
 
 
 
Test No. H2O2 dosage (ml) 
CH4/ H2O2 
( mol ) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 
Conv. (mol %) 
H2O2 decomp. 
(mol %) 
C 
(mol %) 
O 
(mol %) 
264 1 18.4 2  34 66 8 92 100 98 99 100 
261 2 9.2 8.5 60 40 49 51 78 69 98 100 
243 5 3.67 16 70 30 55 45 60 44 99 100 
262 7 2.60  16 78 22 57 47 54 38 98 100 
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3.6.7 Influence of stirring speed 
 
Since this reaction is performed in a three phase system, it is expected that the stirring speed 
will affect the reaction results. At a high stirring speed of between 900 and 1100 rpm, 
methane conversion was less than at lower stirring speeds but the selectivity based on 
methane and hydrogen peroxide conversion was fluctuated thereby. Good methane 
conversion was obtained at stirring speed of 300 rpm but the selectivity was lower compared 
to that at the higher stirring speed. Of all the stirring speeds, we can distinguish 600 rpm is 
the most suitable speed (see Fig.39 and table 19). It gave a good balance to obtain favorable 
methane conversion and formic acid and CO2 selectivity based on methane conversion as 
well as on hydrogen peroxide conversion. This may because, at gentle stirring speed (600 
rpm), the diffusion of reactants in HZSM-5 channels and desorption of formic acid may be 
facilitated [57]. The higher and lower stirring speeds may not give this performance. 
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Fig.39. Influence of stirring speed. 
Test No: MA-469, MA-470, MA-460 and MA-471.Conditions: 7 ml 30 % H2O2, 60 bar 
(CH4/H2O2=2.6), 60 °C, 0.25 g ((ZSM-5 (25) (HV94/48)), reaction time 1h. 
 
 
From the preliminary experiments above, we can conclude that 60 bar methane pressure, 60 
°C reaction temperature, 0.25 g catalyst loading, 1 h reaction time and 7 ml 30 wt.-% 
(CH4/H2O2=2.60 mole)  were the optimum conditions to conduct the investigated reaction. 
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Table 19: Influence of stirring speed over HZSM-5(25) (HV94/48). 
 
Conditions:  7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.60), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 1 h. 
 
 
 
 
Test No. Stirring speed (rpm)) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
469 300 14 58 38 39 61 62 48 99 100 
470 600 16 78 22 62 38 60 44 98 100 
468 900 14 77 23 59 41 55 41 98 100 
471 1100 10 81 19 49 51 50 40 99 100 
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3.6.8 Evaluation of catalyst stability  
 
Fig.40 and table 20 present the stability study of HZSM-5(25) (HV 94/25). The catalyst was 
reused for at least five runs.  For each run catalyst was filtered, then, washed with distilled 
water three times and used again. As demonstrated in the table 20 and Fig.40, the catalyst 
was stable for all runs. There was no obvious deactivation in the catalyst performance and the 
slight difference in the performance between each run is within the error range. These results 
proved that HZSM-5 catalyst was stable under the applied conditions. 
 
 
                          Fig.40. Catalyst stability test results. 
Test No: MA-472, MA-473, MA-474, MA-475 and MA-476.Conditions: 7 ml 30 % H2O2, 
60 bar (CH4/H2O2=2.6), 60 °C, 0.25 g ((ZSM-5 (25) (HV94/48)), reaction time 1h, 600 
rpm. 
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Table 20: Evaluation of catalyst stability over HZSM-5(25) (HV94/48).  
 
Conditions:  7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount=0.25 ((ZSM-5 (25) (HV94/48)), 1 h. 
 
 
 
 
 
 
Test No. Run CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol %) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol %) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
472 1 15.80 70.5 29.5 56 44 60 44 99 100 
473 2 16.4 72.3 27.7 58 42 62 46 98 100 
474 3 14.80 73.6 26.4 50 50 65 50 98 100 
475 4 15.20 69.50 28.5 51 49 62 47 99 100 
476 5 15.5 71.4 28.6 54 46 62 47 98 100 
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3.7 The optimization of reaction parameters using 
experimental design program over HZSM-5 (25) 
(HV94/48) 
 
Design Expert-5(Start-Ease; E. Scheffler, Statistische Versuchsplanung, DVG, Stuttgart, 
1997) program has been applied to determine the optimum parameters for methane 
conversion into oxygenates over the best catalyst (HZSM-5(25) (HV94/48). Six different 
parameters in various ranges were entered into the program by varying two parameters and 
maintain the rest constant as the following: methane pressure 20-80 bar, reaction temperature 
(temp.) 25-60 °C, catalyst amount (cat) 0.05-1.50 g, H2O2 concentration (cH2O2) 7-30 wt.-%, 
reaction time (TOS) 15 min-6 h and stirring speed 200-1000 rmp.  
86 runs using different parameters and different values (appendix A) were obtained from the 
experimental design program and carried out to determine the optimum parameters the 
investigated reaction. 
The parameter ranges were chosen based on our previous preliminary experiments (section 
3.6) and extreme conditions were avoided for safety reasons.  
3.7.1 Influence of different parameters on methane 
conversion and formic acid selectivity 
3.7.1.1 Influence of pressure and temperature  
 
As expected, methane conversion gradually increased with increasing reaction temperature.  
A high temperature is required to activate C-H bond in methane. In contrast when methane  
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pressure increased the conversion decreased (Fig.41). It may be attributed to the fact that 
under such conditions with high methane pressure the system has a high excess of methane 
Therefore, the conversion of methane is low. From 6 to 25 mole % methane, conversion can 
be obtained under these reaction conditions. 
 
 
Fig.41. Influence of pressure and temperature on methane conversion. 
 
Figure 42 demonstrates that selectivity decreased sharply when the reaction temperature 
increased.  In general this behaviour is very common in heterogeneous catalysis. In this case 
higher temperatures cause high hydrogen peroxide decomposition which in turn leads to deep 
oxidation of methane and formic acid to form CO2. Additionally, high temperatures and 
elevated pressure may oxidize methane thermally to CO2, leading to a decrease in selectivity.  
On the other hand, selectivity increased when methane pressure increased. Over 80 wt.-%  
(° C ) (bar) 
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formic acid selectivity based on methane was obtained at about 60 bar when the reaction was 
conducted at a low temperature under other suitable conditions. High methane pressure gave 
high selectivity because at a high excess of methane the deep oxidation to CO2 was 
prevented. CO2 formation was about 49 mole % based on methane and 55 based on H2O2 
mole % at 40 bar while it was 30 and 45 mole % based on methane and H2O2, respectively at 
60 bar of methane pressure. 
 
Fig.42. Influence of pressure and temperature on the selectivity. 
 
3.7.1.2 Influence of catalyst amount and reaction time  
    
The results in figure 43 revealed that the conversion of methane increased with increasing 
catalyst amounts and with time on steam (TOS). This behavior is due to the high conversion 
of hydrogen peroxide at a high catalyst amount, and by the time which ultimately leads to  
 
(°C ) 
( bar )    
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high methane conversion. The strong carbon hydrogen bond in methane can be activated with 
a long reaction time and by using a high amount of catalyst. 
 
 
 
Fig.43. Influence of catalyst amount and reaction time on methane conversion. 
 
Figure 44, illustrate that the selectivity decreased over time because longer reaction times 
allow further oxidation of formic acid to carbon dioxide and cause high decomposition of 
hydrogen peroxide. It seems that conducting the reaction at a shorter reaction time is 
preferred to maintain hydrogen peroxide from high decomposition and to prevent further 
oxidation of methane and formic acid. The effect of the catalyst amount is not clear, as the 
selectivity increased when the catalyst amount increased. Then, related to a certain amount of  
 
TOS (min) 
Cat (g) 
111 
Catalyst Tests 
 
 
catalyst it became relatively stable, which may have happened because formic acid needs a 
certain amount of catalyst to form under the reaction conditions applied.  
 
Fig.44. Influence of catalyst amount and reaction time on selectivity. 
 
 
3.7.1.3 Influence of H2O2 concentration and stirring speed 
 
Methane conversion increased when hydrogen peroxide concentration increased, and low 
hydrogen peroxide concentrations may not be efficient for methane conversion.  Un-reacted 
hydrogen peroxide can cause deep oxidation of formic acid to CO2. High stirring speed 
helped to increase methane conversion (Fig.45). High stirring speeds ensure that the reaction 
mixture is well mixed, and facilitate good diffusion for methane and hydrogen peroxide in the 
HZSM-5 channels. 
TOS (min) Cat (g) 
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Fig.45. Influence of H2O2 concentration and stirring speed on methane conversion. 
 
The selectivity increased by increasing hydrogen peroxide concentration (Fig.46).  However, 
when it is below 30 wt % high amounts of oxygen can cause deep oxidation of methane to 
CO2 due to high hydrogen peroxide concentrations. The same behaviour was noted in our 
previous experimental reactions. The effect of H2O2 concentration can be explained as 
follows: at certain methane/H2O2 molar ratios the equilibrium between methane and 
hydrogen peroxide was oriented to give higher formic acid selectivity than the other ratios. 
The selectivity was increased slightly when stirring speed increased.  Stirring speed ensures 
that the reaction mixture is mixed well, so it helps to increase the selectivity. This was 
previously mentioned in the discussion about the influence of stirring speed on conversion.  
 
(wt %) 
(rmp) 
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Fig.46. Influence of H2O2 concentration and stirring speed on selectivity. 
On the basis of the results obtained from experimental design expert, methane pressure of 
about 60 bar, 50-60 oC reaction temperature, 0.25-35 g catalyst loading, 5-7 ml and 30 wt.-% 
of hydrogen peroxide are the most suitable reaction conditions to obtain optimum methane 
conversion and formic acid selectivity. These are very close to our preliminary experimental 
conditions in the catalyst screening (section 3.6). Therefore, these conditions are chosen to 
carry out the following reactions.  
 
 
 
 
(wt %)(rmp) 
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3.8 The performance of modified ZSM-5 catalysts 
 
HZSM-5 was modified by different methods to try to improve the catalytic performance. 
These methods are:  the dealumination by acid treatment, steaming, steaming and followed 
by acid treatment, ion exchange or impregnation by different transition metals, titanation by 
CVD method or by hydrothermal synthesis and the modification by phosphorus or fluoride 
either by wet impregnation or incipient wetness impregnation. 
3.8.1 Influence of the dealumination of ZSM-5 
 
Steaming and acid treatments are very well known as dealumination techniques for zeolite 
catalysts [190-199]. They are considered to be the most feasible dealumination techniques  
from the point of view of environmental protection and industrial application. They are 
usually applied in industry to obtain a zeolite catalyst with high activity, selectivity and 
stability. Thus, HZSM-5 (25) (HV94/48) was dealuminated by hydrothermal treatment 
(steaming) and/or by HCl treatment. 
 
3.8.1.1 The influence of acid treatment  
 
HZSM-5 (25) (HV 94/48) was treated by aqueous hydrochloric acid of various concentrations 
between 0.01 M and 2 M (table 21). The purpose of this procedure was to create additional 
hydroxyl groups caused by the extraction of aluminum and silicium atoms out of the zeolite 
framework [133]. The catalytic results of these materials are depicted in Fig.47 and table 21. 
The treatment of the parent HZSM-5 (25) (HV 94/48) with low concentrations of aqueous  
115 
Catalyst Tests 
 
 
hydrochloric acid (samples: MAK-20 (0.01 M HCl), MAK-19(0.05 M HCl), and MAK-18 
(0.1 M HCl), and MAK-21 (0.5 M HCl),) did not show any significant effect. However, when 
the catalyst was treated with higher concentrations of aqueous hydrochloric acid, the catalyst 
activity obviously decreased. This can be seen in the results of the samples treated with 1 M 
(MAK-22) and 2 M (MAK-23) of HCl. Some improvements in formic acid selectivity based 
on methane and H2O2 conversion were achieved over MAK-22 and MAK-23 which were 
represented over HZSM-5(25) (HV94/48) treated by 1 M and 2 M of HCl solutions, 
respectively. CO2 formation and hydrogen peroxide decomposition were lower over MAK-22 
(1 M HCl) and MAK-23(2 M HCl) compared to the samples treated at lower HCl 
concentrations (MAK-20, MAK-19, MAK-18 and MAK-21) and the parent one (HV94/48).  
However, thereby the methane conversion was very low over these two samples compared to 
the untreated HZSM-5(HV 94/48). The performance of these catalysts will be explained later 
in the following paragraph by their acidity measurements using pyridine-FT-IR (Fig.25) and 
NH3-TPD (Fig.19). 
 
 
 
.   
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 Fig.47. The influence of acid treatment. 
 
 
Test No: MA-243, MA-431, MA-429, MA-420, MA-447, MA-456 and MA-458,  
Catalysts: parent HZSM-5(25) (HV 94/48), MAK-20 (0.01M HCl), MAK-19 (0.05 M 
HCl), MAK-18 (0.1M HCl), MAK-21 (1M HCl), and MAK-23 (2 M HCl), respectively.                             
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm. 
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Table 21: The influence of acid treatment. 
 
Conditions:  7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
Test No. Lab No. HCl Conc.  (M) 
CH4 Conv. 
(mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv.  
(mol %) 
H2O2  decomp. 
(mol %) 
C  
(mol %) 
O  
(mol % ) 
MA-243 HV 94/48 0 15.7 70 30 56 44 60 44 99 100 
MA-431 MAK-20 0.01 15.7 71 29 49 51 68 52 98 100 
MA-429 MAK-19 0.05 15.3 76 24 55 45 63 48 99 100 
MA-420 MAK-18 0.1 15.8 72 28 57 43 61 45 98 100 
MA-447 MAK-21 0.50 16.0 77 23 60 40 64 45 97 100 
MA-456 MAK-22 1 10.2 75 25 64 46 35 25 98 100 
MA-458 MAK-23 2 4.3 83 17 56 44 19 14 99 100 
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The decreased activity of the HZSM-5 samples treated with highly concentrated HCl 
solutions was mainly due to the loss of Brönsted acidic by removing aluminium from zeolites 
framework. As could be found in NH3-TPD (Fig.19) and pyridine-FT-IR (Fig.25). The 
destruction of these sites caused a blockage of catalytic active sites due to EFA (Extra 
Framework Alumina) which was removed from the zeolite structure. The hydroxyl groups on 
the untreated initial material seemed to have a favourable acid strength. Pyridine-FT-IR 
characterisation (section 2.6; Fig.25) revealed the reduction of Brönsted acid sites and the 
increased of Lewis acid sites in these samples (section 2.6; Fig.25). In addition, it was clear 
from NH3-TPD spectra (section 2.5; Fig.19) that the weak acid sites increased and the strong 
acid sites decreased when the parent ZSM-5 (HV94/48) treated by 2 M HCl as the case of 
MAK-23. These findings give a strong hint that we need Brönsted acid sites for the 
investigated reaction. In the case of using catalyst MAK-23 (2 M HCl), the extra-framework 
alumina may cause a blockage in HZSM-5 pores which is responsible for the low conversion 
of methane. The above findings were also concluded by Hoelderich et al [133]. Therefore, in 
the following, we want to see if the lower amount of Brönsted acid sites or the pore blockage 
is responsible for the poor performance of such catalysts.  
3.8.1.2 The influence of the combination of steaming and HCl 
treatments  
HZSM-5 (25) (HV 94/48) was first steamed at 800 °C for 6 hours, then it was treated with 
0.1 M HCl for 24 hours (sample MAK-28) (as explained in details in section 6.5.1.2) to 
remove the extra-framework alumina. The performance of the MAK-28 sample was very  
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poor. Part of MAK-28 was tested directly without acid treatment (sample MAK-27) but it 
also performed badly and most the low methane conversion over these two samples produced 
CO2. The pure HZSM-5 (25) (HV 94/48) was again steamed under the same conditions as 
described for sample (MAK-28) but at a lower temperature (550 °C). The steaming was 
followed by acid treatment; sample (MAK-25).  Although its performance was better than the 
former samples, it was not as good as that of the unmodified sample (Fig.48 and table 22). 
 
Fig.48. The influence of steaming plus HCl treatment for HZSM-5 (HV94/48). 
Test No: MA-243, MA-417, MA-422 and MA-449. 
Catalysts: parent HZSM (25)(HV94/48), MAK-28 (parent HZSM-5+ steaming (800°C 
+acid wash)), MAK-27(parent HZSM-5 +steaming at 800°C) and  MAK-25 (parent 
HZSM5+steaming 550°C +acid wash), respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.60), catalyst amount 0.25 g, 1 h, 60° 
C, 600 rpm. 
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Table 22: The influence of steaming plus HCl treatment for HZSM-5 (25)(HV94/48). 
 
 Conditions:  7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount = 0.25 g, 1 h. 
 
 
 
 
 
 
Test No. Lab  No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2  decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-243 HV 94/48 Parent HZSM-5  
(25 ) 
15.7 70 30 55 45 60 44 99 100 
MA-417 MAK-28 HZSM-5+ steaming 
(800°C +acid wash) 
3.2 38 62 33 77 11 8 98 100 
MA-422 MAK-27 HZSM-5 (steaming 
at 800°C) 
6 32 68 32 78 20 19 99 100 
MA-449 MAK-25 HZSM-5(steaming 
550°C +acid wash) 
14.8 59 39 50 50 52 37 98 100 
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The poor performance of steamed catalysts can be understood from the combination of 
catalysts performance and characterization as it will be explained. Severe steaming 
temperature and acid treatment (sample MAK-28) led to a decrease in the aluminum content 
(from ICP; section 2.2 table 4), reduced its BET surface area and indicated mesopores as was 
concluded from the N2-adsorption isotherm (section 2.2; Fig12 (b)). Although sample MAK-
28 still has aluminum, NH3–TPD (section 2.3; Fig.19) and pyridine- FT-IR (section 2.4; 
Fig.25) revealed that it lost all its acid properties related to Brönsted and Lewis acid sites 
(table 4). In the literatures [133], it is already mentioned that a single treatment of Al-Beta by 
2 M HCl solution led to remove all Brönsted and Lewis acid sites from Al-Beta zeolite. 
Sample MAK-27 showed the same properties as sample MAK-28 (not shown here), although 
sample MAK-27 had similar aluminum content (SiO2/Al2O3=26) compared with the original 
HZSM-5 (25) (HV 94/48). However, most of its aluminum appeared to be in form of the 
extra framework alumina. That explains its poor performance. Sample MAK-25 which was 
steamed at a lower temperature than sample MAK-28 and MAK-27 resulted in better 
performance than those but it was still not as good as the original HZSM-5 (modul 25) (HV 
94/48). The reason for this is that, the sample MAK-25 lost some of its acidity as it was 
proved by NH3-TPD (Fig.22) and pyridine- FT-IR (Fig.28) by losing some of its aluminum 
content. N2-adsorption isotherm (Fig.12(c)) of this sample showed that its micropores were 
decreased because of the thermal treatment. So, the above characterizations clearly explained 
the bad performance of the steamed samples due to the loss of Brönsted acid sites. 
Furthermore, as can be noticed from (Fig.48 and table 22), hydrogen peroxide conversion and 
decomposition over the steamed samples were lower than in the case of the pure one (HZSM-
-5(25) HV 94/48)) (see Fig.48 and table 22 above) which can explain the loss of the acid 
properties and quality of these sample (MAK-28, MAK-27 and MAK-25). In the investigated  
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reaction, methane oxidation by H2O2 seems to require high amounts of aluminum 
incorporated in the framework (high Brönsted acid sites, with a certain amount of Lewis acid 
sites), relatively high surface area and medium micropores material which were provided by 
the original HZSM-5 (25) (HV 94/48). These unique properties were proved by different 
characterization methods such as NH3-TPD (Fig.19), pyridine- FT-IR (Fig.25), 27Al MAS 
NMR (Fig.17 (a)), BET and micropores surface area (table 3) and N2-adsorption isotherm 
(Fig.12 (a)). MAK-25 showed a mix of mesopores and microspores (Fig.12 (c)), it seems that 
mesopores are not necessary to give good performance for the investigated reaction as we 
have small reactants and products i.e. no diffusion limitations should be involved. 
3.8.2 Influence of titanium substitution 
 
Although titanosilicate, having the MFI structure (TS-1) was not a successful catalyst using 
hydrogen peroxide for the investigated reaction compared with the HZM-5, as mentioned 
before, a mixture of titanium and alumiunum in teterahydral coordination in the framework of  
MFI structure  may  become an effective catalyst. Such titanium containing ZSM-5 (Ti-ZSM-
5) materials has been used in several oxidation reactions using mainly H2O2 as oxidant [200-
203]. Therefore, two samples of Ti-ZSM-5 were prepared by the conventioal hydrothermal 
synthesis method using ZSM-5 (modul 25) as a standard, then these samples were 
synthesised by replacing 25 % (MAK-51) and 50 % ( MAK-52) of the aluminum with 
titanuim.  One more sample was prepared using the CVD method using a vapour  of  TiCl4 
(MAK-24).  Unfortunately, all these catalysts yielded very poor performance compared with 
pure HZSM-5 samples (Fig.49 and table 23). Looking at the catalyst features, we have to 
realize that are  
123 
Catalyst Tests 
 
 
there are no Brönsted acid sites. That is the reason for the poor performance of these 
catalysts. 
 
 
Fig.49. Influence of titanium substitution. 
Test No: MA-522, MA-523, MA-418, MA-120 and MA-480. 
Catalyst: MAK-51(25% Ti-ZSM-5(HT)), MAK-52(50% Ti-ZSM-5(HT)), 
MAK-24 (CVD), TS-1, and ZSM-5(25) (HV94/48) respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm. 
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Table 23: The influence of titanium substitution via hydrothermal synthesis or CVD method. 
* &** prepared by hydrothermal synthesis. 
***Prepared by CVD method. 
Conditions:  7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
. 
 
Test No. Lab  No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-522 MAK-50 25% Ti-ZSM-5(HT)* 6 58 42 50 50 28 22 99 100 
MA-523 MAK-51 50 % Ti-ZSM-5( HT)** 2.5 33 77 37 63 21 19 98 100 
MA-418 MAK-24 Ti -HZSM-5(CVD)*** 3.1 42 58 12 88 10 7 99 100 
MA-120 TS-1 TS-1 (28) 2 84 16 39 61 22 20 98 100 
MA-480 HV94/48 HZSM-5 (25) 15 71 29 54 46 62 46 99 100 
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3.8.3 Catalytic performance of different metal-containing 
HZSM-5 (25) materials prepared by ion exchange or 
incipient wetness impregnation. 
 
Many researchers [204-208] reported that transition metal ion-containing ZSM-5 is a 
promising catalyst in the oxidation of many organic compounds using hydrogen peroxide as 
oxidation agent under relatively mild conditions. They claimed that the bifunctional 
behaviour of Me-ZSM-5 may facilitate the splitting of C-H bond in reactant hydrocarbons 
under mild conditions. Besides, the acidity generated is different from that associated with Al 
sites. They also proposed that the doping of the transition metals on ZSM-5 usually creates 
Lewis acid centres of the ZSM-5 surface which leads to activate hydrogen peroxide to form 
free radicals which may in turn result high conversion of the reactant hydrocarbon and led to 
obtain high selectivity at relatively mild reaction conditions [200-201]. It was considered that 
the above mentioned advantages of Me-ZSM-5 may help to obtain high methane conversion 
with high formic acid selectivity in the investigated reaction. Therefore, and despite the 
expected high hydrogen peroxide decomposition, HZSM-5 (HV 94/48) was ion exchanged or 
impregnated by numbers of selected transition metals such as Mn, Ni, Fe, V, Co and Cu.  
Catalyst amounts were calculated to have the same weight percentage for all metals of about 
0.2 wt.-%. Fig.50 and table 24, show the reaction results of Me/ZSM-5 which was prepared 
by ion exchange. As can be seen from table 23 and Fig.50, there is a negative impact for most 
of the metals used on the selectivity compared with the pair HZSM-5 (25) (HV 94/48). Fe-
ZSM-5 (MAK-7), V-ZSM-5 (MAK-12) catalysts led to higher methane conversion of about 
22 compared with the parent HZSM-5(HV 94/48), 17 mol %, respectively. However, the 
selectivity barely exceeds 50 % (based on CH4) which is very low compared with the 
selectivity over the initial HZSM-5(modul 25) (HV 94/48). Cu-ZSM-5 (MAK-9) and Mn- 
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ZSM-5(MAK-10) catalysts showed a very negative impact on methane conversion and 
formic acid selectivity based on methane as well as H2O2 conversion and resulted in very 
high CO2 formation and H2O2 decomposition( Fig.50 and table 23). Among all these catalysts 
we identified Ni- ZSM-5 (MAK-11) catalyst for achieving very close performance to the 
parent HZSM-5(25) (Fig.50 and table 24). The performance of these catalysts is strongly 
connected to their activity in the decomposition of hydrogen peroxide. Most of Me/ZSM-5 
catalysts have high levels of H2O2 decomposition, so they showed a negative effect on 
methane oxidation reaction performance while Ni-ZSM-5 catalyst had mild H2O2 
decomposition, resulting in better performance.  
As can be noticed clearly from Fig.50 and table 24 the ion exchanged Me-ZSM-5 catalysts 
gave very high hydrogen peroxide decomposition (e.g. more than 94 mole % over Cu-ZSM-
5) as well as very low formic acid selectivity based on methane and hydrogen peroxide. CO2 
formation was also very high, for example over Cu-ZSM-5 and Mn-ZSM-5 catalysts, most of 
the methane was converted to CO2. This is assigned to fact that these metal catalysts have 
high amount of Lewis acid sites compared with parent HZSM-5 (HV94/48) and reduced the 
Brönsted acid sites which was proved by NH3-TPD and pyridine-FT-IR as will be discussed 
later on in this section. These catalysts have more Lewis acidity and this leads obviously to 
high H2O2 decomposition and CO2 formation at low selectivity of formic acid. 
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Fig.50. The performance of different metal-containing HZSM-5 
materials prepared by ion exchange. 
Test No: MA-243, MA-410, MA-414, MA-413, MA-412, 
MA-411, MA-415,MA-445 and MA-464 ,respectively. 
Catalyts: parent HZSM-5(HV94/48), MAK-10 ( Mn-ZSM-5), MAK-11 (Ni-ZSM-5), 
MAK-7(Fe-ZSM-5), MAK-12 (V-ZSM-5), MAK-8 ( Co-ZSM-5), MAK-9(Cu-ZSM-5, 
respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm.
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Table 24: The performance of different metal-containing HZSM-5 materials prepared by ion exchange. 
 
 
 Conditions: 7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol % ) 
MA-243 HV 94/48 Parent HZSM-5 (25) 16 72 28 55 45 60 44 99 100 
MA-410 MAK-15 Mn-ZSM-5 8 36 64 10 90 86 78 98 100 
MA-414 MAK-17 Ni- ZSM-5 16 69 31 53 47 63 47 99 100 
MA-413 MAK-14 Fe- ZSM-5 22.4 54 46 39 61 91 69 99 100 
MA-412 MAK-18 V- ZSM-5 17 52 48 35 65 75 58 99 100 
MA-411 MAK-13 Co- ZSM-5 15 51 49 31 69 75 60 99 100 
MA-415 MAK-16 Cu-ZSM-5 2 14 86 1 99 96 94 100 100 
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For comparison reasons the catalysts Mn-ZSM-5, Ni-ZSM-5, Fe-ZSM-5, V-ZSM-5, Co-
ZSM-5 and Cu-ZSM-5 were again prepared but by incipient wetness impregnation using the 
same metal load (0.2wt.-%), as appears in Fig.51 and table 25. The catalysts are: Mn-ZSM-5 
(MAK-15), Ni-ZSM-5(MAK-17), Fe-ZSM-5(MAK-14), V-ZSM-5, (MAK-18) Co-ZSM-5 
(MAK-13) and Cu-ZSM-5 (MAK-16). 
The performance of all these catalysts was not better than the former catalysts which were 
prepared by ion exchange. This observation can be attributed to the fact that the impregnated 
metals may partly block the zeolite pores and prevent the reactants from accessing the zeolite 
channels and pores, leading to a decrease in the total surface area (section 2.2; table 4), in 
addition to the high H2O2 decomposition formed for all these catalysts. Impregnation of Ni-
containing ZSM-5 (MAK-17) gave higher performance than other doped metals and close to 
that obtained over HZSM-5 (25) (HV 94/48). By referring to the characterization results of 
Cu-ZSM-5 was selected as a sample of these catalysts group. There was a clear correlation 
between their performance and their characterizations. Cu-ZSM-5 showed high weak acid 
sites and almost lost its strong acid sites (NH3-TPD, section 2.3; Fig.20) and it possessed high 
amounts of Lewis acid sites and low amounts of Brönsted acid sites (pyridine-FT-IR, section 
2.4; Fig.26). Thus, it is not surprising to have high hydrogen peroxide decomposition over 
these catalysts. It is worth to mention that the formation of CO2 were too high over most of 
Me-ZSM-5 catalysts compared to the parent ZSM-5(25) (HV94/48), which demonstrates the 
negative impact of these metals on the performance of the parent ZSM-5(25) (HV94/48) 
catalyst. This negative impact is caused by high Lewis acidity in contrast to the Brönsted 
acidity we need for the desired reaction.   
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Table 24: The performance of different metal-containing HZSM-5 materials prepared 
by incipient wetness impregnation. 
 
 
 
 
 
 
Fig.51. The performance of different metal –containing HZSM-5 materials  
prepared by incipient wetness impregnation.  
Test No: MA-243, MA-408, MA-414, MA-409, MA-427, MA-430 and MA-459, respectively.  
Catalyts: parent HZSM-5 (HV94/48), MAK-15 ( Mn-ZSM-5), MAK-17 (Ni-ZSM-5), MAK-
14(Fe-ZSM-5), MAK-18 (V-ZSM-5), MAK-13( Co-ZSM-5), MAK-16 (Cu-ZSM-5, respectively 
 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C,  
600 rpm. 
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Table 25: The performance of different metal-containing HZSM-5 materials prepared by incipient wetness impregnation. 
 
 
 
 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-243 HV 94/48 Parent HZSM-5 (25) 15.7 72 28 55 45 60 44 99 100 
MA-408 MAK-15 Mn-ZSM-5 5 19 81 3 97 89 84 98 100 
MA-414 MAK-17 Ni- ZSM-5 14 58 42 37 63 65 51 99 100 
MA-409 MAK-14 Fe- ZSM-5 20 53 47 33 77 96 76 99 100 
MA-427 MAK-18 V- ZSM-5 13 55 45 32 78 76 63 99 100 
MA-430 MAK-13 Co- ZSM-5 16 52 48 34 76 72 56 99 100 
MA-459 MAK-16 Cu-ZSM-5 1 11 89 0.5 99.5 83 82 100 100 
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3.8.3.1 Influence of Ni loadings 
 
As found above, the parent HZSM-5-25 (HV 94/48) ion exchanged with 0.25wt.-% Ni 
(MAK-11) showed similar performance compared with the parent HZSM-5 itself. Therefore, 
different Ni wt.-% loads have been ion exchanged with the parent ZSM-5 (HV 94/ 48). Over 
ZSM-5 catalysts with 0.25 (MAK-34) and 0.5 wt.-% Ni (MAK-32) load, no any positive 
impact could be noticed. When the Ni load increased to 1wt.-% (MAK-33), the selectivity 
decreased while the CO2 formation and H2O2 decomposition noticeably increased of about 61 
( based on H2O2) and 55 mole % , respectively (Fig.52 and table 26). It is also evident that the 
higher the Ni load the higher the H2O2 decomposition and the lower the selectivity, although 
the conversion was higher than over the parent HZSM-5( HV 94 /48). 
 
 
Fig.50. The influence of Ni ion exchanged with parent HZSM-5 (25) (HV11/04). 
Test No: MA-487, MA-481, MA-481, and MA-243. 
Catalysts: MAK-34(0.25 % Ni-HZSM-5), MAK-32(0.5 % Ni-HZSM-5), MAK-33 (1 % 
Ni-HZSM-5), parent HZSM-(25) and (HV94/48), respectively. 
Conditions: 7ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm.
133 
Catalyst Tests 
 
 
 
Table 26: The influence of Ni ion exchanged with parent HZSM-5 (25). 
 
 Conditions: 7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-487 MAK-34 0.25 % Ni-HZSM-5 16 73 27 55 45 64 48 99 100 
MA-481 MAK-32 0.5 % Ni-HZSM-5 18 73 27 64 36 62 44 98 100 
MA-481 MAK-33 1 % Ni-HZSM-5 20 55 45 39 61 70 55 99 100 
MA-243 HV 94/ 48 Parent HZSM-5 (25) 16 75 25 56 44 60 44 98 100 
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The decrease of selectivity over HZSM-5 with 1wt.-% nickel loading may be due to the loss 
of Brönsted acidity and the high decomposition of hydrogen peroxide [134]. 
The doping of Ni in the HZSM-5 zeolite implies an increased in Lewis acid sites and 
decrease in Brönsted acid sites (pyridine –FT-IR, section; 2.4 Fig.26) and in the acid strength 
of the zeolite (NH3-TPD, section 2.3; Fig.20). Consequently, it led to increase H2O2 
decomposition and CO2 formation as well as led to decrease formic acid selectivity as already 
mentioned and discussed above. Concerning H2O2 decomposition in the presence of metal 
zeolites, similar conclusions have been documented by other researchers [209]. 
 
3.8.4 Influence of Phosphorous modification 
 
As reported in many studies [e.g. 210-211], phosphorus modification is one of the most 
commonly used methods employed to improve the performance of HZSM-5 zeolites. Same 
authors and some more others [210-214] proposed that phosphorous-modified HZSM-5 has 
shown noticeably improved hydrothermal stability and a positive effect on the acidity of the 
catalyst, particularly its Brönsted acidity.  
The above findings in the mentioned studies above [209-214] led us to prepare two groups of 
P/ZSM-5 catalysts, either by wet impregnation and one step calcination or by incipient 
wetness impregnation method and a stepwise calcination procedure. 
The influence of the modification of ZSM-5 by phosphorus prepared by wet impregnation is 
demonstrated in Fig.53 and table 27. The modification of the parent HZSM-5 with 0.5 wt. - 
% P (MAK-37) and 1 wt.-% P (MAK-38) improved the methane conversion, but caused a  
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decrease in formic acid selectivity and increased in CO2 formation particularly based on 
methane. Higher phosphorous load decreased methane conversion and caused more decrease 
in formic acid selectivity based on both methane and H2O2 conversion and caused high CO2 
formation as could be seen in the case of 2 wt.-% (MAK-45). Some authors [174] have 
proposed that phosphorous species may interact with the oxygen of the bridging hydroxyl 
groups, resulting in breaking the Al-O bond, possibly leading to open ZSM-5 framework 
structure. This results in a decrease of zeoilte acidity especially Brönsted acid sites (pyridine -
FTIR; Fig.27) in HZSM-5. Consequently decreased methane conversion and formic acid 
selectivity as it is clear from Fig.51 and table 26. This reduction in acidity can also be 
explained by framework dealumination and formation of aluminium phosphate [215] 
resulting in the poor performance of the catalyst with high P load (MAK-45). 
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Fig.53. The influence of phosphorus modification by wet impregnation. 
Test No: MA-483, MA-493, MA-494, and MA-497. 
Catalyst: MAK-37 (0.5 % P/ZSM-5), MAK-38 (1 % P/ZSM-5), MAK-45 (2 % P/ZSM-
5), MAK-31 (ZSM-5(25), HV94/48, respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.60), catalyst amount 0.25 g, 1 h, 60 
°C, 
600 rpm. 
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Table 27: The influence of phosphorus modification by wet impregnation. 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) C  
(mol %) 
O  
(mol %) 
MA-483 MAK-37 0.5 % P/ZSM-5 18 63 37 54 46 72 54 99 100 
MA-493 MAK-38 1 % P /ZSM-5 21 65 35 52 48 79 58 98 100 
MA-494 MAK-45 2 % P /ZSM-5 13 53 47 30 70 70 57 99 100 
MA-480 MAK-31 HZSM-5 (25) 15 71 28 56 44 62 44 98 100 
MA-497 HV 94 / 48 Com. HZSM-5(50) 16 75 25 58 42 63 46 99 100 
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For the purpose of comparison, parent ZSM-5 (HV94/48) was also modified by the same 
phosphorus loadings as discussed before but in contrary using an incipient wetness 
impregnation method and a stepwise calcination procedure. This is to maintain the parent 
ZSM-5 structure and to avoid formation of extra-framework alumina. 
As can be seen from Fig.54 and table 28, there is not so much a difference in the performance 
between these samples (MAK-56, MAK-55 and MAK-57) and the previous samples (MAK-
37, MAK-38 and MAK-45) that were prepared by wet impregnation and they follow almost 
the same trend. For both sample groups, at low P load there is a slight increase in methane 
conversion but the performance was decreased at 2 wt.-% P load (MAK-45 and MAK-57). 
The decomposition of hydrogen peroxide was high over most of the modified samples 
particularly over samples MAK-38, MAK-45, MAK-55 and MAK-57 which led to low 
formic acid selectivity a catalyst and high CO2 formation. 
 
 
Fig.54. The influence of phosphorous modification using an incipient wetness 
impregnation method and stepwise activation procedure. 
Test No: MA-536, MA-540, MA-538 and MA-243. 
Catalysts: MAK-56 (0.5 % P/ZSM-5), MAK-55 (1 % P/ZSM-5), MAK-57 (2 % P/ZSM-
5), HV94/48, respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.60), catalyst amount 0.25 g, 1 h, 60 
°C, 600 rpm.
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Table 28: The influence of phosphorous modification using an incipient wetness impregnation method and stepwise activation 
procedure. 
 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60°C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
( mol %) 
C  
(mol %) 
O  
(mol %) 
MA-536 MAK-56 0.5 % P/ZSM-5 23 68 32 65 35 72 49 98 100 
MA-540 MAK-55 1 % P /ZSM-5 20 66 34 51 49 78 58 98 100 
MA-538 MAK-57 2 % P /ZSM-5 16 62 38 33 77 89 73 99 100 
MA-243 HV 94/ 48 HZSM-5 (25) 15.7 70 30 55 45 60 44 98 100 
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The modification of ZSM-5 using a high load of phosphorous with the incipient wetness 
impregnation method and stepwise calcination procedure (MAK-57) caused a decrease in the 
acidity of the parent ZSM-5 (25) (HV94/48).  This conclusion can be taken from the acidity 
measurements which were performed by NH3 TPD (section 2, Fig.21) and pyridine-FT-IR 
(section 3, Fig.26). It was proved that there was an obvious decrease in the weak and strong 
acid sites and in Brönsted and Lewis acid sites compared with the parent ZSM-5(HV94/48. 
The intensities of bands 1540 cm-1 and 1440 cm-1  ( table 7), reveled that the modification of 
parent ZSM-5 (25) ( HV94/48) by 2 wt.-% P  (MAK-57)  led to a decrease in both Brönsted 
and Lewis acidic sites densities. This might be due to the pores of ZSM-5 zeolite being partly 
blocked in the presence of polymeric phosphates and the modification of the environment of 
originally free silanol group [153- 154]. Also, Corma et al. [137] observed a clear reduction 
in acidity over P/ZSM-5 compared with the parent ZSM-5, mainly in Brönsted acid sites. 
They proposed that phosphorus is incorporated into ZSM-5 through the formation of extra-
framework P(OH)4+ cations via protonation of orthophosphoric acid by zeolite Brönsted acid 
sites. They claim that, in calcined phosphorus-containing ZSM-5, phosphorus exists mainly 
as cationic pyrophosphate or short-chain polyphosphate, and the Brönsted acidity of the 
zeolites is partially neutralised. The reduction of Brönsted and Lewis acid sites after the 
modification of HZSM-5 with phosphorous was found in other studies as well [172-173].  
Therefore, our conclusion is that the reduction of Brönsted acid sites is responsible for bad 
performance in the case of P/ZSM-5 catalysts.  
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3.8.5 Influence of fluoride treatment  
 
Several studies [216-218] have demonstrated that fluoride modification of zeolite catalysts at 
proper loading amount and using proper modification methods could improve its catalytic 
performance. R. Mao et al. [219] stated that the incorporation of F species as an electron 
withdrawing compound to HZSM-5 zeolites enhances surface acidity. They also proved that, 
fluorine modification with low content and a suitable activation temperature could bring 
about new Brönsted acid sites and strengthen some acid sites of the parent zeolite without 
damaging the crystalline structure. Thus, based on the above proposals, ZSM-5 (HV94/48) 
was fluorinated by NH4F using two methods: wet impregnation followed by one step 
calcination or an incipient wetness impregnation and a stepwise calcination method. 
Fig.55 and table 29 present the activity and the selectivity of F / ZSM-5 with different 
concentrations of NH4F solutions by wet impregnation (from 0.1 up to 1.5 M). It can be seen 
that over 0.5 M and 1 M fluorine on ZSM-5 (MAK-41and MAK-46), methane conversion 
increased but the selectivity was gradual decreased (especially based on methane) over all 
fluorinated samples. Over MAK-47 (1.5 M NH4F), CO2 formation and H2O2 decomposition 
were increased obviously. High concentrations of NH4F in a hot solution caused a partial 
damage of the ZSM-5 structure, as it was clear from sample MAK-47 (1.5 M NH4F) image 
which was analyzed by SEM ((section 2.3; Fig.14 (b)). The morphology of sample MAK-47 
became irregular and the crystal size grew compared with the parent sample ZSM-5 
(HV94/48) due to the aggregation caused by the treatment. Additionally, the image of MAK-
47, showed that there was a white layer covered the crystals of the zeolite and that is may be 
because of the fluoride absorbed on the zeolite crystal surface. NH3-TPD characterization did 
not show any clear change in the acidity of the parent zeolite except for a slight shift of the  
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weak and the strong acid site peak positions to a lower temperature. This might be caused by 
formation of extra aluminum framework caused by fluorination treatment at hot water for 
long reaction time [155]. However, pyridine-FTIR spectra showed a decrease in both 
Brönsted and Lewis acid sites (section 2.4; Fig.27). This might be because of some 
tetrahedral-coordinated aluminium atoms were partly removed from the zeolite framework 
during fluorination and the extra-framework alumina formed was washed out by the solution.   
This has been reported elsewhere [171] and it has been shown that the fluorination of HZSM-
5 by NH4F is an effective way to decrease the number and strength of acidic sites. 
 
 
Fig.55. The influence of fluoride treatment by wet impregnation on parent HZSM-5 
(25). 
Test No: MA-505, MA-496, MA-503, MA-513 and MA-243. 
Catalysts: MAK-44 (0.1 M F-ZSM-5), MAK-44 (0.1 M F-ZSM-5), MAK-41 (0.5 M F-
ZSM-5), MAK-46 (1 M F-ZSM-5), MAK-47 (1.5 M F-ZSM-5) and HV94/48, 
respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6) catalyst amount 0.25 g, 1 h, 60 
°C,600 rpm. 
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Table 29: The influence of fluoride treatment by wet impregnation on parent HZSM-5 (25). 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
 
 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp.   
(mol %) 
C  
(mol %) 
O  
(mol % ) 
MA-505 MAK-44 0.1 M F-ZSM-5 16 63 37 56 44 54 38 98 100 
MA-496 MAK-41 0.5 M F-ZSM-5 21 60 40 56 44 67 46 98 100 
MA-503 MAK-46 1  M F-ZSM-5 18.5 65 35 55 45 66 48 99 100 
MA-513 MAK-47 1.5  M F-ZSM-5 17 58 42 44 56 68 51 98 100 
MA-243 HV 94/ 48 HZSM-5 (25) 15.7 70 30 55 45 60 44 98 100 
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The three samples MAK-54, MAK-52 and MAK-53 were prepared using the same NH4F 
concentrations as the pervious samples (MAK-44, MAK-41, MAK-46 and MAK-47) but 
using the incipient wetness impregnation and a stepwise calcination method. This was to 
avoid any damage to the ZSM-5 structure and the stepwise calcination may allow the proper 
incorporation of fluorine- to enhance the acidity and/or create new acid sites as was found 
elsewhere [219]. 
As demonstrated in Fig. 56 and table 30, the treatment with NH4F led to a gradual increase in 
methane conversion while selectivity decreased which almost the same behaviour of the 
previous group (MAK-44, MAK-41, MAK-46 and MAK-47) which were prepared by wet 
impregnation and one step calcination. It seems that the treatment of ZSM-5 by the NH4F 
under the conditions used led to the formation of more Lewis acid sites which was proved by 
pyridine-FTIR measurement (section 2.4; Fig.27). It is also clear from the high 
decomposition of hydrogen peroxide over all the modified samples compared with the parent 
ZSM-5 (HV 94/ 48).  
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Fig.56. The influence of NH4F treatment on HZSM-5 using an incipient wetness 
impregnation method and stepwise activation procedure. 
Test No: MA-539, MA-541, MA-503, MA-537 and MA-243. 
Catalysts: MAK-54 (0.5 M F-ZSM-5), MAK-52 (1 M F-ZSM-5), MAK-53 (1.5 M F-
ZSM-5), MAK-46 (1 M F-ZSM-5), MAK-47 (1.5 M F-ZSM-5) and HV94/48, 
respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.60), catalyst amount 0.25 g, 1 h, 60 
°C, 600 rpm. 
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Table 30: The influence of fluoride treatment using incipient wetness impregnation method and stepwise activation procedure. 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol % ) 
MA-539 MAK-54 0.5M F/ZSM-5 19 65 35 54 46 58 50 98 100 
MA-541 MAK-52 1M F/ZSM-5 21 61 39 51 49 71 53 98 100 
MA-537 MAK-53 1.5 M F/ZSM-5 24 57 43 55 45 74 60 99 100 
MA-243 HV 94/ 48 com.HZSM-5 (25) 15.7 70 30 55 45 62 44 98 100 
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3.9 The importance of isolated alumina in MFI 
framework 
 
In order to investigate the importance of the isolated alumina in the MFI framework (i.e., 
aluminum in tetrahedral coordination in ZSM-5 structure) for the investigated reaction, 
silicalite (HV10/14) has been tested. Furthermore, Al (NO3)3 was impregnated on silicalite 
(MAK-42), SiO2 (MAK-43) and with conventional HZSM-5 (MAK-23). As expected, 
silicalite (HV10/13) showed very poor methane conversion. However, when the same sample 
was impregnated with Al (NO3)3 (MAK-42), methane conversion increased from 1.4 to 17 
wt.-%. That is a clear evidence of the importance of the presence of aluminum. Impregnating 
SiO2 with Al (NO3)3 did not help to obtain high formic acid selectivity but it caused high CO2 
formation based on methane and hydrogen peroxide and high H2O2 decomposition as well 
because of the formation of the Al2O3 on SiO2 surface. When HZSM-5 was impregnated with 
aluminum (MAK-23), the conversion as well as the selectivity was lower compared with the 
parent one (HZSM-5(25) (HV94/48). The yield of formic acid over Al/ZSM-5 (MAK-23) 
was much better than Al/SiO2 (MAK-43) and was slightly lower than Al/MFI (MAK-42). 
The HZSM-5 (HV 94/48) is a commercial sample and it is synthesized by the hydrothermal 
method which is expected to have more isolated aluminum in the framework of the MFI 
structure. Thus, HZSM-5 maintained the highest performance among all the samples. More 
extra-framework aluminum (more Lewis acid sites) caused higher H2O2 decomposition (e.g. 
67 mole % over Al/SiO2) and CO2 formation (e.g., 76 mole % over Al/SiO2) and lower 
selectivity (24 mole % based on methane over Al/SiO2), as shown in figure 57 and table 31. 
The above results gave strong evidence of the importance of presence of aluminum in a 
tetrahedral coordination in the MFI framework that means the demand of the Brönsted acid  
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sites for investigated reaction. These results are not surprising; because it is believed that the 
Brönsted acid sites are important for obtaining high activity and good selectivity over zeolite 
catalysts in many reactions [84,220-222] as in the desired reaction to form formic acid.  
 
 
Fig.57. The influence of isolated aluminum in MFI structure. 
Test No: MA-490, MA-499, MA-506, MA-445 and MA-497. 
Catalysts: silicalite HV10/13, MAK-42(Al / silicalite), MAK-43(Al/SiO2), MAK-23( 
Al/HZSM-5), HV94/48, repectivily. 
Conditions: 7 ml 30 % H2O2, (CH4/H2O2=2.60), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm. 
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Table 31: The influence of aluminum isolation in MFI structure. 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h. 
 
 
 
 
 
 
 
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-490 HV10/13 Silicalite 1.4 79 21 55 45 6 5 98 100 
MA-499 MAK-42 Al/ silicalite 17 59 41 53 47 57 51 98 100 
MA-506 MAK-43 Al/SiO2 12 35 65 24 76 68 67 99 100 
MA-445 MAK-23 Al/HZSM-5 14 60 40 37 63 68 54 98 100 
MA-497 HV 94 / 48 Parent (HZSM-5-25) 16 75 25 56 44 60 44 97 100 
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3.10   The performance of self-synthesized HZSM-5 
catalysts having high aluminium content 
 
As noted and discussed before there is no modification method that has helped to improve the 
performance of the parent zeolite (HV94/48). HZSM-5 (HV94/94), materials having 
relatively high aluminum content always remains the best. The final conclusion was that the 
best catalyst for the investigated reaction should have only pure HZSM-5 with relatively high 
aluminum content. It seemed that the reaction needs high amounts of Brönsted acid sites to 
obtain a good methane conversion and high formic acid selectivity and acceptable hydrogen 
peroxide decomposition. 
This finding led us to synthesize HZSM-5 samples in our laboratory to understand why 
HZSM-(SiO2/Al2O3=25) performed so well. Therefore, four samples having high aluminum 
content were synthesized and thoroughly characterized and tested. 
The performance of the self-synthesized HZSM-5 samples having SiO2/Al2O3 of 10-25 molar 
ratios is shown in figure 58 and table 32. HZSM-5 with SiO2/Al2O3=25 (MAK-31) gave 
almost the same performance as the commercial one (HV 94/48), with the same SiO2/Al2O3 
ratio. That gives also very good evidence for our synthesis method and for the previous 
results from the commercial sample.  
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Fig.58. The performance of self-synthesized samples compared with a commercial one. 
Test No: MA-243, MA-480, MA-484, MA-507 and MA-509. 
Catalysts: HV94/48, MAK-31(HZSM-(25)), MAK-36 ((HZSM-(15)), MAK-49(((HZSM-
(20)), MAK-39 (((HZSM-(20)), respectively. 
Conditions: 7 ml 30 % H2O2, 60 bar (CH4/H2O2=2.6), catalyst amount 0.25 g, 1 h, 60 °C, 
600 rpm.
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Table 32: The performance of self-synthesized HZSM-5 samples compared with commercial samples.  
 
 
Conditions: 7 ml 30 wt % H2O2, 60 bar, 60 °C, (CH4 / H2O2 =2.6), catalyst amount= 0.25 g, 1 h.
Test No. Lab No. Catalyst CH4 Conv. (mol %) 
HCOOH Sel. on CH4 
(mol %) 
CO2 on CH4 
(mol%) 
HCOOH Sel. on H2O2 
(mol %) 
CO2 on H2O2 
(mol%) 
H2O2 Conv. 
(mol %) 
H2O2 decomp. 
(mol %) 
C  
(mol %) 
O  
(mol %) 
MA-243 HV 94/ 48 Com.HZSM-5 (25) 16 70 30 55 45 60 44 98 100 
MA-480 MAK-31 HZSM-5 (25) 15 71 29 56 44 57 42 98 100 
MA-484 MAK-36 HZSM-5 (15) 21 85 15 78 32 69 48 98 100 
MA-507 MAK-49 HZSM-5 (20) 19 68 32 54 46 62 43 97 100 
MA-509 MAK-39 HZSM-5 (10) 12 56 46 25 75 80 68 99 100 
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The sample with SiO2/Al2O3=15 (MAK-36) gave high formic acid selectivity of 85 mole % 
based on methane conversion and 78 mole % based on H2O2 conversion at a methane 
conversion of 21 mole %. It gave also much lower CO2 formation based on both methane (15 
mole %) and hydrogen peroxide (32 mole %) compared to the commercial HZSM-
5(HV94/48) (modul 25) and the other synthesized HZSM-5 samples. This high performance 
was clear from the characterization results of these samples. X-ray diffraction ((Fig.10(c)) 
and SEM ((Fig.13 (a)) showed that sample MAK-36 had the most crystalline MFI structure 
and the smallest crystal size among all of the characterized catalysts. Solid-State NMR 
((Fig.15 (a)) also clearly proved that there was no extra-framework alumina (i.e. Lewis 
acidity) and all its aluminum in tetrahedral coordination is located in the MFI framework (i.e. 
high Brönsted acid sites) while the other samples had some extra-framework alumina which 
is a strong evidence of the importance of Brönsted acid sites for the investigated reaction. 
Sample with SiO2/Al2O3=15 (MAK-36) contained high intensity bands at 3610 cm-1 (FT-IR 
of OH region) and at 1545 cm-1  ( pyridine-FT-IR) which proofed the existing of the high 
amounts of Brönsted acid sites in this sample. Furthermore, NH3-TPD characterization 
results, illustrated that this sample contained high strong acid sites and substantial numbers of 
weak acid sites. The integration of the area under weak acid sites peaks reveled that 
weak/strong=2 which may be necessary to achieve high selectivity with considerable 
methane conversion. 
 
 
 
154 
Catalyst Tests 
 
 
The sample with SiO2/Al2O3 =20 (MAK-49) showed very good methane conversion but the 
selectivity remained the same as the commercial (HV 94/48) and synthesized (MAK-31) 
samples, having SiO2/Al2O3 =25. 
Despite the success of the synthesis of HZSM-5 with SiO2/Al2O3 =10 (MAK-39), as proved 
by XRD ((Fig.10 (d)), its performance was low compared with the previous samples. High 
aluminum load led to form high amounts of extra-framework alumina as reveled by SEM (( 
Fig.13(b)), and solid Sate NMR ((Fig.14(c)) which in turn leads to blocking of the catalyst 
surface and partially decreases the pore volume as was clear from its external and BET 
surface areas ( table 4) and the SEM image SEM (( Fig.13(b)). This is the reason of the low 
methane conversion and formic acid selectivity and the high decomposition of H2O2 and CO2 
formation over this catalyst (MAK-39) (Fig.58 and table 32).  Furthermore, the low amount 
of Brönsted acid sites over this sample can explain its low performance (FT-IR pyridine, 
Fig.24) which another evidence of the importance of Brönsted acid sites for this reaction. 
 From the above results, it can be concluded that high methane conversion and high formic 
acid selectivity can be obtained over HZSM-5 with a certain SiO2/Al2O3 ratio i.e. 
SiO2/Al2O3=15 molar ratio. A certain density of acid sites with high Brönsted acid sites is 
needed.
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4. Summary and Conclusion  
 
The main aim of this project is to convert methane to useful and easily transportable 
oxygenates in one step (direct conversion) in a liquid phase procedure using hydrogen 
peroxide as oxidation agent over heterogeneous catalyst. 
In order to achieve this, several catalysts have been selected and tested such as TS-1, H-
ZSM-5, Al-MCM-41, Ti-SBA-15, Ti-MCM-41, Al2O3, TiO2. These catalysts were chosen 
because in the literature [177-187], they have been applied in different oxidation reactions in 
the presence of hydrogen peroxide as oxidation agents. Among all these catalysts, the H-
ZSM-5 (25) (HV94/48) zeolite catalyst gave high selectivity and condensable activity (> 70 
% selectivity at 16 % methane conversion) while the other catalysts showed very poor 
activity.  The main product was formic acid and the by-product was only CO2. As far as we 
know, this result is one of the pioneer achievements for methane conversion so far. 
Testing different type of zeolites such as H-mordenite (HV 96/21), HBEA (HV 96/13), HY 
(HV 95/16) and ZSM-5 (HV94/48) revealed that HZSM-5 remains the best catalyst for this 
reaction. Methane conversion was very poor over other type of zeolites. ZSM-5 zeolites such 
as the commercial (HV94/48) SiO2 / Al2O3= 25 is a unique and proper catalyst for this 
reaction. Even better was obtained over a self-synthesized HZSM-5 with a modul of 15. It 
could be speculated that the constrains in the HZSM-5 zeolite pores provide a high acidic 
density of Brönsted acid sites. 
The effect of SiO2/Al2O3 molar ratio demonstrated that the best performance among the 
commercially available catalysts was obtained over SiO2/Al2O3=25 whilst the lowest  
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performance was over low aluminum content (SiO2/Al2O3 =1000). However, as mentioned 
before, a self synthesized HZSM-5 with a modul of 15 proved to be even better with respect 
to selectivity. In that case 85 mole % selectivity based on methane was achieved. 
The high stability of methane (C-H) bonds probably needs high acid density to facilitate the 
dissociation of these strong bonds, and certain number of Brönsted sites is necessary to obtain 
high formic acid selectivity. Despite the decomposition of H2O2 over HZSM-5 having high 
aluminum content is higher, the conversion of hydrogen oxide is necessary to oxidize 
methane to form formic acid.  
Studying the effect of other oxidants showed that under applied conditions, the oxygen gas 
cannot be activated to give the required oxygen radical to oxidize methane.  So there was no 
detectable conversion with O2+H2O or air +H2O without H2O2 and there was no positive 
effect when they were added to H2O2 in the reaction mixture. 
The influence of methane pressure showed that 60 bar was the most suitable methane 
pressure because it gave the optimum yield at high methane conversion and selectivity.  
Thereby, the highest formic acid yield reached a maximum with about 11 mole % at 60 °C. 
Despite the selectivity not being as good as the selectivity at lower temperatures than 60 °C, 
it seemed that this is the most suitable reaction temperature to obtain good methane 
conversion (16 mole %) with acceptable selectivity (75 mole % based on methane). Higher 
temperatures than 60°C led to high hydrogen peroxide decomposition and further oxidation 
of formic acid with H2O2 to CO2.    
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By comparing the different amounts of catalyst, 0.25 g gave an acceptable formic acid 
selectivity based on methane of 75 mole % at a methane conversion of 16 mole %. This 
amount of catalyst resulted in the best balance between conversion, selectivity and yield. 
The influence of reaction time suggested that a reaction time between 30 minutes and one 
hour is preferred to conduct the reaction in order to prevent hydrogen peroxide from high 
decomposition and further oxidation of methane and formic acid.  
The effect of hydrogen peroxide dosages and concentrations illustrated that the 7 ml of 30 
wt.-% of hydrogen peroxide of about [CH4]/ [H2O2] = 2.6/1 is the most suitable to obtained the 
optimum formic acid yield. 
 From studying the stirring speed, we can establish that 600 rpm is the most suitable speed. It 
gave a good balance to achieve good methane conversion (16 mole %) and formic acid 
selectivity of 78 mole %. based on methane. 
The catalyst stability study of the commercially available HZSM-5 with a SiO2/Al2O3=25 
proved that the catalyst was absolutely robust. There was no obvious deactivation in the 
catalyst performance and the slight difference in the performance between one and the other 
run is within the error range. 
HZSM-5 was modified by different methods in order to investigate the effect of these 
methods on the performance of HZSM-5 and to find out which acidic sites are needed either 
the Brönsted sites or the Lewis sites. These methods are: the dealumination by acid treatment, 
steaming, steaming and followed by acid treatment, ion exchange or impregnation by 
different transition metals, titanation by CVD method or by hydrothermal synthesis and the 
modification by phosphorus or fluoride either by wet impregnation or incipient wetness  
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impregnation. Treatment of ZSM-5 with low concentrations of aqueous hydrochloric acid did 
not show any significant effect. However, when the catalyst was treated with higher 
concentrations (more than 1M) of aqueous hydrochloric acid, the catalyst activity noticeably 
decreased. With respect to the selectivity of formic acid, some improvements were achieved 
using 2M (MAK-22) of HCl solutions but methane conversion was very low compared to the 
untreated HZSM-5. The reduction of Brönsted acid sites in these samples was seen in the 
acidity characterisation results by NH3-TPD and pyridine-FT-IR. This result gives a strong 
hint that Brönsted acid sites are needed for good catalytic performance. 
The steamed samples showed very poor performance. Severe steaming temperature and acid 
treatment (sample MAK-28) led to a decrease in the aluminum content and the BET surface 
area and the sample showed a mesoporous isotherm property as it was concluded from the 
N2-adsorption isotherm. NH3–TPD and pyridine-FT-IR revealed that sample MAK-28 lost all 
its Brönsted and Lewis acid sites properties. Solid state NMR showed also the presence of 
high amounts of extra-framework alumina in sample MAK-28. Methane oxidation by H2O2 
seems to need a high amount of aluminum in the framework generating Brönsted acid sites, 
relatively high surface area and medium micropores material which is provided by the 
original HZSM-5 (25) (HV 94/48).  
Samples doped with Ti i.e. Ti-ZSM-5 were prepared by the conventioal hydrothermal 
synthesis method using ZSM-5(25) as standard. These  samples were synthesised by 
replacing 25 % and 50 % of the aluminum in ZSM-5 (25) (HV94/48) by titanuim. One more 
sample was prepared via the CVD method, using a vapour of TiCl4 ( MAK-24). 
Unfortunatley, all these catalysts showed very poor performance compared with the pure  
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HZSM-5 (25) (HV94/48) because these Ti containin samples have more Lewis acid sites than 
Brönsted acid sites needed for the desired reaction to formic acid. 
The modification of HZSM-5 (HV94/48) with selected transition metals such as Fe, Co, Cu, 
Ni, Mn and V by ion exchange or impregnation showed very negative impacts on methane 
conversion as well as on selectivity. The performance of these catalysts is strongly connected 
to their activity for decomposition of hydrogen peroxide. Despite the low load of these metals 
(0.25 wt.-%), most of Me /ZSM-5 catalysts have high level of H2O2 decomposition. By 
referring to the characterization results of Cu-ZSM-5 which were selected as an example of 
this catalyst group, there was a clear correlation between their performance and their 
characterizations. Cu-ZSM-5 showed only a high number of  weak acid sites and almost  
complete loss of  its strong acid sites (NH3-TPD), and it possessed low quantity of Brönsted 
acid sites but in contrast a  high number of  Lewis acid sites. Thus, it is not surprising to have 
high hydrogen peroxide decomposition over these catalysts. These findings indicate again 
that Brönsted acid sites are needed for good performance of the investigated reaction instead 
of Lewis acid sites. 
Among all these metals the performance of 0.25 wt.-% Ni/ZSM-5 was similar to the parent 
ZSM-5(HV94/48). Thus, different wt.-% Ni loads have been ion exchanged with the parent 
(HV 94/ 48) ZSM-5. However, over ZSM-5 catalysts with 0.25 and 0.5wt.-% Ni loads, no 
positive impact was seen, and the Ni load increased to 1wt.-% and the selectivity decreased. 
Doping of nickel in the HZSM-5 zeolite implies a decrease in Brönsted acid sites (NH3-TPD 
and pyridine–FT-IR) and consequently a decrease in formic acid selectivity. Unexpectedly, 
Lewis acid sites over these samples were also decreased. That might be the reason why 
similar performance as using the parent HZSM-5 was achieved. As in the case of the other  
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metal doped catalysts the Ni modified ZSM-5 resulted in high hydrogen peroxide 
decommission (about 55 mole %) and high CO2 formation (61 mole % based on H2O2).  
The influence of the modification of ZSM-5 by phosphorus prepared by wet impregnation 
with a single activation method or by incipient wetness impregnation followed by stepwise 
activation was studied using different phosphorous loadings. Methane conversion was 
improved from 16 mole % over parent ZSM-5 to 21 mole % over 0.5 wt.-% and over 1 wt.-% 
P but the selectivity decreased when the phosphorous load exceeded 1 wt.-%. The 
modification of ZSM-5 with a high load of phosphorous leads to a decrease in the parent 
ZSM-5 acidity. NH3-TPD and pyridine-FT-IR demonstrated a decrease in weak and strong 
acid sites and in Brönsted acidity. 
As in the case of P/ZSM-5 samples, ZSM-5 (HV94/48) was fluorinated by NH4F using two 
methods: wet impregnation followed by one step calcination and an incipient wetness 
impregnation with the stepwise calcination method. Despite the slight improvement in 
methane conversion at low concentrations, there is not any positive effect on the selectivity 
over fluorinated samples prepared by the two methods, high NH4F concentrations caused a 
decrease in the selectivity because of the decrease in the in Brönsted acid sites as proved by 
pyridine-FT-IR ( Fig.27). 
In order to investigate the importance of the isolated aluminum in the MFI framework (i.e., 
aluminum in tetrahedral coordination in a ZSM-5 structure) for the investigated reaction, 
silicalite (HV10/14) has been tested. Silicalite (HV10/13) showed very poor methane 
conversion. However, when the same sample was impregnated with Al (MAK-42), then the 
Brönsted acidity might increase and thereby the methane conversion increased from 1.4 to 17 
mole %. That result is a clear evidence of the importance of the presence of aluminum.  
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Impregnated SiO2 with aluminum (MAK-43) did not help to achieve good performance 
which indicates the importance of MFI structure as the reaction may take place in the MFI 
channels not on the catalyst surface. These experiments give an indication that Brönsted acid 
sites should be concentrated in a narrow environment such as in the pentasil type zeolite. 
When HZSM-5 impregnated with Al (NO3)3 (MAK-23) the conversion as well as the 
selectivity decreased compared with the parent one ((HZSM-5(25) (HV94/48)).  
The performance of Al/ZSM-5 (MAK-23) was much better than Al/SiO2 (MAK-43) but it is 
slightly lower than Al/MFI (MAK-42). The HZSM-5 which was synthesized by the 
hydrothermal method is expected to have more isolated aluminum than other samples, so, it 
gave the best performance. Al/ZSM-5 (MAK-23) was prepared by the impregnation of the 
commercial HZSM-5(25) (HV94/48) by Al (NO3)3 and Al/MFI (MAK-42) was prepared by 
the impregnation of silicalite (HV10/13) by the same salt while Al/SiO2 (MAK-43) was the 
result of the impregnation of amorphous SiO2 by the same salt as well. It is expected that the 
isolation of aluminum will follows the following order: Al/MFI (MAK-42) > Al/ZSM-5 
Al/SiO2 which was reflected by their performance (Fig.57 and table 31). All of the modified 
methods studied revealed that there was no improvement in the performance of the parent 
HZSM-5.  
The parent ZSM-5(HV94/48) having high aluminum content SiO2/Al2O3=25 and the self 
synthesized ZSM-5 with modul 15 (MAK-36) always gave the highest performance. So, we 
concluded that pure HZSM-5, having high aluminum content, is necessary to obtain high 
performance in the desired reaction. That was the reason why four HZSM-5 samples with 
SiO2/Al2O3 in the range 10- 25 were synthesized. All these HZSM-5 samples gave very good  
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performance, which was similar to or even better than the commercial samples as it was 
mentioned before for HZSM-5 with modul 15 (MAK-36). Pyridine-FT-IR spectra of these 
four samples (Fig.24) showed that sample MAK-36 (modul15) has the highest Brönsted acid 
sites among all the four self-synthesized samples. HZSM-5 with SiO2/Al2O3=10 (MAK-39) 
has intense and broad band in the region between 1460-1420 cm-1 which demonstrate the 
presence of high amount of Lewis acid sites. The weakness of the band on sample (MAK-39; 
modul 10) at 1545 cm-1 revealed that this sample did not have high amount of Brönsted acid 
sites. As a result the incorporation of aluminium in the ZSM-5 framework has limited 
possibility. Adding higher aluminium amounts lead to have alumina as extra-framework. 
Samples MAK-49 (SiO2/Al2O3=20) and MAK-31(SiO2/Al2O3=25) contained also high 
amount Brönsted acid sites but less than MAK-36 (modul15). 
Among all synthesized and commercial HZSM-5 samples, MAK-36 having SiO2/Al2O3=15 
gave high formic acid selectivity (85 mole % based on methane conversion) and about 78 
mole % (based on H2O2 conversion) at a very good methane conversion (21 mole %). This 
high performance can be explained by its unique properties which were proved by different 
characterization techniques as the following: 
1. It showed the highest crystalline and the most pure MFI structure (XRD and SEM). 
2. It has small crystal size below 0.4 µm (SEM image) and the small crystal size may be 
preferred for the investigated reaction. 
3. It had the highest external surface area as shown by (N2 adsorption). 
4. It did not show any extra-framework alumina (i.e., Lewis acid sites) and all its aluminum 
was in tetrahedral coordination (i.e. Brönsted acid sites) (from Solid-State NMR). 
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5. It contained high amount of Brönsted acid sites (FT-IR (band at 3610cm-1) and FT-IR-
pyridine (band at 1545cm-1). 
6. From NH3-TPD characterization results, it contained more strong acid sites in addition to a 
substantial number of weak acid sites. The integration of the area under weak acid sites peaks 
illustrated that the weak/strong ratio is about= 2 which may be necessary to achieve high 
selectivity with considerable methane conversion.  
As mentioned in the introduction, the main current commercial process (BASF process) to 
produce formic acid suffers many drawbacks. It consists of costly complicated multistep and 
produces many hazardous wastes. Methanol, which is used as an intermediate, is an 
expensive feedstock compare to methane which is the main reactant for the first step in this 
process. Removal of reactants and the extract of formic acid are necessary. Therefore many 
separation processes are needed. The attempts to produce formic acid directly from methane, 
carbon monoxide and carbon dioxide still suffer from low yields, fast deactivation and in 
many cases organic solvents are necessary to obtain formic acid, thus they need further 
organic solvent separation processes. As well as this, they used hazardous additives. 
Therefore the production of formic acid in one step reactions is an interesting alternative to 
these processes. 
As an achievement in this project (direct methane conversion into oxygenates), which is a 
collaborative project between Saudi Basic Industrial Corporation (SABIC)-Saudi Arabia and 
TCHK at RWTH Aachen Technology University-Germany, a new process has been 
developed to produce formic acid by direct methane oxidation. The new developed process is 
converting methane as a cheap and abundant feedstock in a direct process -one step reaction- 
over HZSM-5 using hydrogen peroxide as an oxidation agent without adding any organic  
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solution or any promoter under relatively mild conditions. Table 33 and Fig.59 give a 
comparison between the commercial process and the new process for formic acid production. 
The big disadvantage of the current state of this new process development is the high H2O2 
decomposition and high CO2 formation by consecutive oxidation of formic acid with H2O2. 
HZSM-5 is a common catalyst for many commercial processes; it is commercially easily 
available and relatively cheap compared to other catalysts. In addition, HZSM-5 has high 
thermal stability. It is stable in aqueous solutions and furthermore, is non-toxic and 
environmentally safe.  
Hydrogen peroxide is an environmentally friendly and efficient oxidant. Over our self-
synthesized HZSM-5 (MAK-36; SiO2/Al2O3=15), about 18 mol % formic acid yields with 85 
mol % selectivity and 21 mole % methane conversions were obtained. The new process is 
very important; whereas on one side the use of methane which is abundantly available all 
over the world and it is usually located in remote places by converting it to easily 
transportable liquid chemicals with an ecologically and economically valuable option. On the 
other hand formic acid is a versatile player in chemical industry as discussed in the 
introduction ( section 1.5). 
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Table 33: A short composition between the commercial process and our new process for 
formic acid production.  
 
 
Process P  (bar) T (°C ) Catalyst used Notes 
 
 
 
BASF 
 
 
 
45-200 
 
 
 
80-120 
 
 
 
NaOMe 
Catalyst Process 
 NaOMe is an extreme 
sensitivity catalyst.  
 Moisture and CO2 has 
caused many 
operational problems. 
 Moisture leads to 
formation of insoluble 
sodium format and 
causes plugging.  
 Non-reactivated and 
non- recyclable 
catalyst.  
 Its hydrolysis gives 
methanol which is 
toxic and volatile.  
 It is a caustic, 
corrosive and harmful 
base catalyst. 
 Developed Since1925. 
  It consists of costly complicated 
multi steps( Fig.59) 
 Removal of reactants is 
necessary. 
 It consumes a large amount of 
energy 
 Produces hazardous wastes.  
 Methanol is an expensive 
feedstock compared to methane. 
 Many separation processes are 
needed. 
 
 
 
The 
present 
process 
 
 
 
20-60 
 
 
 
25-60 
 
 
 
 
HZSM-5 
 HZSM-5 is 
commercially easily 
available.  
 Very common catalyst 
in many commercial 
processes.  
 It is relatively cheap 
catalyst.  
 High thermal stability. 
 Stable in the aqueous 
solutions. 
 Nontoxic and 
environmentally safe 
catalyst. 
 Direct process -one step reaction. 
  Uses methane as an abundance 
and cheap feedstock, 
 Conducts under relatively mild 
conditions. 
 No need to add any organic 
solvent thus, separation process is 
avoided.  
 H2O2 is environmental friendly 
oxidation agent, the by-product 
only water 
 The big disadvantage of the 
current state of this new process 
development is the high H2O2 
decomposition and high CO2 
formation by consecutive 
oxidation of formic acid with 
H2O2. 
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Fig.59. Conventional formic acid production proces scheme and the present new 
process.
3- Extraction of formic acid from high excess of water 
Natural gas (methane) 
 
Our new 
process:  
HZSM-5 
catalyst, 
25-60°C, 
20-60 bar 
plus H2O2. 
 
Dry reforming 
2- Removal of hazardous wastes. 
1- Removal of methanol and mythyl formate. 
Methanol carbonylation by CO 
Sodium methoxide   catalyst, 80°C, 45bar 
Steam  reforming   Partial oxidation 
 Synthesis gas
 Methanol
 Methyl formate 
Formic acid 
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5. Outlook and Recommendations 
  
As we mentioned in the introduction, about 70 % of natural gas reserves are located in the 
Middle East and Russia. In the GCC, most chemical industries depend on conventional 
petroleum as a feedstock. Therefore, natural gas (methane) conversion into useful and easily 
transportable chemicals is a very important and highly strategic project for GCC countries. 
The results achieved from this research are very promising; methane was converted to formic 
acid over relatively cheap heterogeneous catalyst using hydrogen peroxide as a 
environmentally friendly oxidation agent without adding any organic solvent. The drawbacks 
are the high CO2 formation and the H2O2 decomposition. These pitfalls have to be overcome 
to get the chance to commercialize that new project. Research efforts in this enterprise still 
have to be done. 
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6. Materials and Methods 
6.1 Reaction procedure  
 
The reaction was carried out in batch mode using a 75 or 100 ml stainless steel autoclave, 
connected with a heat jacket equipped with a temperature controller and a thermocouple to 
monitor temperature of these mixtures during the reaction. First, the required amount of 
catalyst and hydrogen peroxide were charged into the autoclave, and then a certain amount of 
methane pressure was charged. The reaction mixture was stirred using a magnetic stirrer 
(Fig.60). The reaction was heated up to the desired temperature then kept at that temperature 
for the required reaction time. Finally, the reaction was stopped by cooling with an ice bath.  
The gas products were collected in a gas mouse and analyzed using gas chromatography 
(GC) with a Thermal Conductive Detector (TCD), while the liquid products were collected 
and separated from the catalyst and analyzed by high-performance liquid chromatography 
(HPLC). Hydrogen peroxide decomposition was determined by the titration by 0.1N sodium 
thiosulphate using potassium iodide. 
Table 34: Reaction parameters. 
 
 
 
 
 
Parameter Value 
Pressure 20-80 bar 
Temperature 30-80 ºC 
Reaction time 15min -6 h 
Catalyst amount 0.05 -3 g 
H2O2 concentration 7.80 -50 % 
H2O2 dosage 1-10 ml 
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                     Fig.60. Photograph of the reaction setup. 
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6.2 Determination of H2O2 decomposition  
 
The amount of hydrogen peroxide used in the reaction mixture was determined by iodometric 
titration (equations 14 and 15).  
          H2O2 + 2KI+ H2SO4                                   I2+ K2SO4+ H2O           (14) 
             I2 + 2 Na2S2O3                                         Na2S4O6 + 2NaI            (15) 
 
In a typical titration, 30 ml of potassium iodide (0.2 mol / l) and 20 ml of H2SO4 (20 wt.-%) 
were added to 3 ml of the reaction mixture in an Erlenmeyer flask.  Three drops of 2N 
ammonium heptamolybdate were added to the above mixture to accelerate the reaction.  After 
15 minutes, the reddish brown iodine formed was titrated with standard 0.1N sodium 
thiosulfate solution (Na2S2O3). Five drops of a 1 mol % starch solution were added to the 
mixture near to the endpoint (pale brown colour) to obtain a blue colour. The endpoint was 
detected when the blue colour disappeared. This titration method has been widely used to 
determine hydrogen peroxide decomposition [223-224]. The amount of hydrogen peroxide 
before reaction (H2O2 p] was determined by the same titration method using 3 ml of 30 wt.-%. 
Hydrogen peroxide decomposition was calculated as the following: 
On the basis of the stoichiometric equations: 
    Desired reaction: CH4 + 3H2O2                            HCOOH   + 4H2O              (16) 
       Side reactions:  CH4 + 4H2O2                             CO2     + 6H2O                   (17) 
                             HCOOH + H2O2                          CO2     +   2H2O                  (18) 
         H2O2 decomposition:      H2O2                           H2O + ½ O2                      (19) 
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[H2O2 decomp.] = (([H2O2] in-([H2O2] r+3[HCOOH] + [CO2])) [H2O2] in)) × 100       (20) 
Total H2O2 conversation = (([H2O2] in-([H2O2] r) / [H2O2] in) ×100                                   (21) 
Where: 
[H2O2] in: initial mole of H2O2. 
[H2O2] r: mole of recovered H2O2 determined by titration. 
 
 
6.3 Reactants and products analysis  
 
The quantitative analysis of the samples was accomplished with gas chromatography (GC) 
and high-performance liquid chromatography (HPLC). The GC method was developed to 
detect methane and the produced CO2 in the gas samples. The HPLC method was also 
developed to detect oxygenate products in the liquid samples. Although the sample contains 
high amount of water, a very clear and sharp peak of formic acid was detected. The formic 
acid peak was determined after several changes of parameters and by using a special column 
which will be described in detail in the following section. 
6.3.1 High-performance liquid chromatography analysis 
(HPLC)  
   
The device used was a Lachrom, purchased from Merck Hitachi. It was equipped with an 
auto sampler unit. The detection is carried out using an UV and RI detector. The HPLC 
parameters are as follows: 
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Table 35: HPLC parameters.  
Parameter Value 
Column length 300 mm 
Column inner diameter 7.8 mm 
Column type Nucleogel Sugar 810H 
Pre-Column Nucleogel Sugar 810H, cc 30/4 
Eluent 2mmol HClO4/ L 
Eluent flow 0.6 ml/min 
UV wave length 210 nm 
 
Temperature 
 
45 ºC 
 
Sample volume 21 µl 
 
	
	
6.3.2 Gas Chromatography analysis (GC)  
 
GC analysis was performed on a HP-HEWLETT PACKARD 6890 using a TCD detector to 
detect gas samples. The GC parameters are detailed as follows: 
Table 36: GC parameters.  
Parameter Value 
Column length 3.5 m 
Column material Stainless steel 
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6.3.4 Formic acid identification  
 
Formic acid was identified by three techniques : HPLC enrichemnt , 1H-NMR , and FT-IR.  
The reaction solution was also measured by pH meter, the reaction was very acidic with  a pH 
value of about 2.40 . 
 
6.3.4.1 1H-NMR  
 
Formic acid was identified by 1H-NMR on a Bruker Ultrashield 400 MHz with 16 scans 
using D2O as a solvent. 
Figures 61 and 62  represent 1H-NMR spectrum of formic acid and 1H-NMR spectrum of one 
of reaction sample solution, respectively. From  these two spectra,1H-NMR spectrum of  
Column outer diameter 1/8 mm 
Column inner diameter 2 mm 
Column support Porapak QS 
Column mesh range 80/100 
Column maximum temperature 250 ºC 
Inlet temperature 175 ºC 
Carrier gas Helium 
Total flow 21.5ml/min 
Detector temperature 175 °C 
Sample volume 1 ml 
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formic acid has a chemical shift at 8.25 ppm and the reaction sample gave a chemical shift at 
8.21ppm  which concurs with previous researchers findings. 
 
 
 
              
Fig.61. Literature 1H-NMR spectrum of formic acid in D2O. 
 
 
                     Fig. 62. 1H-NMR spectrum of reaction solution in D2O. 
 
Formic acid shift (ppm 8.25)
Formic acid shift (ppm 8.21)
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6.3.4.2 HPLC Enrichment  
 
Reaction solution samples have been analyzed by HPLC and it has been noticed that a clear 
peak appeared at the retention time of 13.83 minutes, as can be seen in (Fig.63), which 
illustrates the HPLC analysis for one of the reaction sample solution. 
 Pure aqueous solutions of expected oxygenates were injected to the HPLC such as methanol 
formaldehyde trioxane, formic acid, acetic acid etc. to identify this peak. A formic acid peak 
appeared at the same retention time (Fig.64). A small amount of pure formic acid was then 
added to one of the reaction solution samples, resulting an increase in a formic acid peak 
(Fig.65). This other evidence proved that the peak which appeared at 13.83 minutes is 
attributable to the formic acid.  
 
 
 
 
 
 
 
 
 
 
176 
Materials and Methods 
 
 
                               Fig.63. HPLC analysis of reaction sample solution.  
 
 
177 
Materials and Methods 
 
 
 
                 Fig.64. HPLC analysis of aqueous solution of pure formic acid.  
 
 
178 
Materials and Methods 
 
 
Fig.65. HPLC analysis for aqueous solution of reaction sample solution and pure formic 
acid.  
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6.3.4.3 FT-IR Investigation  
 
The solution of a sample was analysed by BRUKER ALPHA-P IR, for further identification 
of formic acid. Although there was a high access of water in the sample, the peak 
assignments were detected.  
In the liquid phase formic acid exists in a dimer form due to the strong hydrogen bond, which 
is largely due to the ionic resonance structure. Formic acid displays its carbonyl band 
between 1725-1695 cm-1, the O-H stretch band between 3335-2500 cm-1, C-H bands around 
2950 cm-1, and  C-O band appears around 1250 cm-1 [225-226]. 
Figure 66 illustrates the spectra of the reaction sample (the green line) and two different 
concentrations of aqueous solution of formic acid: 7.5 mg/g and 25 mg/g. The spectrum 
assignments are as follows: 3153 cm-1 ( O-H), 2953 cm-1 (C-H) , 1712 cm-1 carbonyl (CO) in 
free HCOOH, 1382 cm-1 C-O-H; 1351 cm-1 H-C-O;  1216 cm-1 C-O and 1579 cm-1  belongs 
to the carbonyl band CO in NaCOOH because the sample solution has some traces of sodium 
(Na +) dissolved from the catalyst that was used, ZSM-5, as analyzed by  ICP  14 mg/l. These 
features match with the dimer feature of formic acid in the literature as mentioned above. 
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Fig.66. FT-IR of sample solution ( ) and two aqueous solutions of  
pure formic acid: 25 mg/g (  ) and 7.5 mg/g ( ). 
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6.4 Calibration of methane and carbon dioxide  
 
Methane and carbon dioxide gases were calibrated by adding different small amounts of 
carbon dioxide to high amounts of methane in a gas mouse to simulate the real reaction, 
because in reaction samples it has been found that a small amount of carbon dioxide was 
diluted with high amount of methane. 
The total mole of a sample loop is the amount of gas that can pass through the GC loop.  It is 
crucial to determine this value to be able to calculate the moles of methane and carbon 
dioxide moles. This value was calculated using ideal gas low: 
 
                                                          (22)        
 
Where is the GC sample loop volume,  is the standard pressure, is the ideal gas 
constant, T is the oven temperature for the applied method and   is the total mole of the 
sample loop, so the total sample loop can be calculated as follows: 
 
               =  = 6.80 E-6 Mole 
 
So, CO2 and CH4 moles can be calculated as follows: 
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Gas mole =  6.80 E-6 Mole 
 
Carbon dioxide and methane moles are represented in table 37, columns 6 and 7.  
The response factor (RF) for the two gases can be calculated as the following: 
 
                         RF =                       ( 23 )        
                                                                                                                                                                              
The response factor values are shown in table 37, columns 10 and 11, the average response 
factors for carbon dioxide and methane have been taken - see table 3, columns 10 and 11 at 
the bottom. By using these two response factors, the values of moles of CO2 and CH4 gases in 
the reaction samples can be calculated using equation (23).      
Table 37: Methane and carbon dioxide calibration table.   
 
 
1 2 3 4 5 6 7 8 9 10 11 
CO2 
(ml) 
CH4
(ml) 
CO2 
(vol %) 
CH4 
( vol %) 
Total mole CO2  
(mole) 
CH4 
(mole) 
CO2 
area 
CH4 area CO2 RF CH4 RF 
0.1 37 0.27 99.97  
 
6.80E -06 
1.86E-06 6.77E-04 925 2.37 E+05 1.85 E-09 2.61E-09 
0.2 37 0.54 99.44 3.71E-06 6.71E -04 1916 2.36E+05 1.78E-09 2.65E-09 
0.3 37 0.81 99.18 5.57E-06 6.80E-04 2820 2.35E+05 1.82E-09 2.67E-09 
0.4 37 1.08 98.92 7.43E-06 6.77E-04 3625 2.38E+05 1.89E-09 2.69E-09 
0.5 37 1.35 98.63 9.29E-06 6.66E-04 4477 2.28E+05 1.91E-09 2.69E-09 
 Average RF 1.85E-09 2.65E-09
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6.5 Calibration of formic acid  
 
Formic acid was calibrated by injecting different amounts of aqueous solution of formic acid 
to the HPLC from 0.1 to 1.4 mg/g. As can be seen from figure 67, formic acid concentration 
gives a linear relationship with the area. From this relationship, the response factor of formic 
acid has been determined, and by using this factor formic acid concentration can be 
calculated as follows: 
 Acid (  ) can be calculated as follows: 
                       (24) 
 
 The amount of formic acid in the reaction sample  in grams can be obtained by the 
following equation:  
             =                                          (25) 
 Where   is the total weight of the liquid sample after the reaction. 
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Fig.67. Calibration line of aqueous solution of formic acid.  
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6.6 Conversion and selectivity calculation  
 
In this process the reactants are methane and hydrogen peroxide and the products were only 
formic acid and carbon dioxide. The amount of formic acid was easily calculated using 
equation 25.  Hydrogen peroxide calculations have been conducted as mentioned above (6.2). 
Moles of methane and carbon dioxide were calculated using the response factors of carbon 
dioxide and methane which were determined by equation 23 and the gas areas were taken 
from GC, as listed in calibration table (table 37). 
So, [CH4] = CH4 area * CH4 RF                                    (26) 
And [CO2] = CO2 area * CO2 RF                                     (27) 
Where RF is the response factor of methane or carbon dioxide.  
According to the equations of the investigated reaction: 
 
                      CH4 + 3H2O2                                 HCOOH   + 4H2O               (28) 
                       CH4 + 4H2O2                                CO2     + 6H2O                     (29) 
                        HCOOH + H2O2                          CO2     +   2H2O                   (30) 
                                    H2O2                                 H2O + ½ O2                         (31) 
 
The catalysts performance was calculated as follows: 
 
CH4 conversion =                                (32) 
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HCOOH selectivity based on CH4 (mole %) =      (33)   
HCOOH selectivity based on H2O2 =      (34) 
HCOOH yield =                                        (35)             
C % = (   – (  +  ) /   ))*100                              (36)  
O % = ( +  ) / ( ))*100                 (37) 
CO2 formation based on CH4 =                                       (38) 
CO2 formation based on H2O2=                                             (39) 
 
Where:   
[CH4] in: mole of methane detected by GC. 
[CH4] out: mole of un-converted methane detected by GC. 
[HCOOH]: mole of formic acid detected by GC. 
[CO2]: mole of carbon dioxide detected by GC. 
[H2O2] conv.: mole of converted H2O2 determined by titration. 
[H2O2] in: mole of initial H2O2 determined by titration. 
[H2O2] r: mole of recovered H2O2 determined by titration. 
[H2O2] decomp. : mole total H2O2 decompossion determined by titration. 
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6.7 Catalysts preparation 
 
6.7.1 Dealumination of HZSM-5   
 
Dealumination of HZSM-5 (25) (No: HV94/48) was obtained by two methods either by 
hydrothermal treatment (steaming) and/or by HCl treatment.  
6.7.1.1 Hydrothermal treatment 
 
The hydrothermal treatment (steaming) was carried out according to [98, 132]. Thereby, 5 g 
of the HZSM-5 (25) (No: HV94/48) was placed in the middle of a horizontal quartz tube 
reactor in an oven and dried at steaming temperatures of 800 °C or 550 °C with dry nitrogen 
for two hours, then the nitrogen bubbled through a vessel containing water at 90 °C (0.70 bar) 
and the steam kept flowing for 6 hours at the desired steaming temperature. Then the steam 
stopped and the samples again dried at the steaming temperature under dry nitrogen.  
Afterwards, the samples were further treated with 0.1M HCl at 100 °C for 24 hours to 
remove the extra aluminum framework. The two samples were called MAK-28 for 800 °C 
steaming and MAK-25 for 550 °C steaming. For the purpose of comparison, a small part of 
sample MAK-28 was used directly after steaming without acid treatment (MAK-27) 
(Table.22, catalyst performance section 3.2.3).  
 
6.7.1.2 Acid treatment  
 
 According to a method described elsewhere [133], the treatment of HZSM-5 by hydrochloric 
acid was carried out by mixing 5 g of the initial HZSM-5 (25) (No: HV94/48) with 100 ml of  
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an aqueous hydrochloric acid solution in various concentrations. After stirring this mixture 
with reflux cooling at 100 °C for 24 hours the catalyst was filtered off, washed several times 
with deionised water and dried at 120 °C for 4 hours. Then it was calcined at 550 °C for 5 
hours. In total, six alterations of the initial material were obtained varying the acid 
concentration; they were given as shown in the following table: 
 
Table 38: Variations of acid treatment of HZSM-5 (25, HV 94 / 48). 
 
 
6.7.2 Substitution of Titanium into HZSM-5  
6.7.2.1 Substitution of Titanium into HZSM-5 via CVD 
method 
 
Titanium was substituted into HZSM-5 via CVD as has been previously described [203,227-
228]. Typically, 3 g of sample MAK-28 (steamed at 800 °C for 6 hours and washed by HCl) 
was loaded in the quartz tube reactor and purged by dry nitrogen at flow rate of 30 ml/min at  
Catalyst No. HCl concentration (M) 
MAK-20 0.01 
MAK-19 0.05 
MAK-18 0.1 
MAK-21 0.50 
MAK-22 1 
MAK-23 2 
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the CVD reaction temperature (460 °C) for two hours then the nitrogen bubbled through a 
vessel containing TiCl4 (room temperature), passing through the reactor tube over the solid 
sample at the CVD temperature for two hours then the sample was purged again by dry 
nitrogen at the reaction temperature, then the oven was cooled down to room temperature.  
The sample was named MAK-24. 
6.7.2.2 Substitution of Ti into HZSM-5 by hydrothermal syntheses  
By following the same synthesis method described in section 6.5.8, and by taking commercial 
(HV94/48) (SiO2/Al2O3=25) as a standard, 25 % and 50 % of the aluminum sulfate amount 
was replaced by TiCl4.  Thereby we obtained two samples with a mixture of aluminum and 
titanium in the MFI framework. These samples were named MAK-50 and MAK-51, 
respectively. 
 
6.7.3 Preparation of M-HZSM-5 samples 
6.7.3.1 Preparation of M-HZSM-5 by ion exchange  
 
HZSM-5 (25) (No: HV94/48) was ion exchanged with 0.01M of the corresponding metal 
precursor at 25 °C for 24 hours into metal-containing ZSM-5 [145, 223].  Each time, 5 g of 
HZSM-5(25, HV 94/48) was stirred with 200ml of aqueous solution of metal precursor at 25 
°C for 24 hours, and then the materials were washed with distilled water several times, 
filtered then dried at 120 °C for 4 hours and calcined at 550 °C for 5 hours to obtain M-
HZSM-5 (M= Co, Fe, Mn, Cu, Ni, V). These samples were denoted as the following: MAK-8 
(Co-ZSM-5), MAK-7 (Fe-ZSM-5), MAK-10 (Mn-ZSM-5), MAK-9 (Cu-ZSM-5), MAK-11 
(Ni-ZSM-5) and MAK-12 (V-ZSM-5), respectively. 
190 
Materials and Methods 
 
 
6.7.3.2 Preparation of M-HZSM-5 by incipient wetness 
impregnation 
 
The same metal which containing zeolite ZSM-5 were prepared by ion exchange of HZSM-5 
(25) (No: HV94/48) as described above were loaded again on the same sample by incipient 
wetness impregnation with the same metals wt.-% [208]. The incipient wetness impregnation 
was performed according to the following procedure: the calculated weight of metal salt 
(calculated to be 0.2 % metal wt for all metals) was dissolved in the least amount of distilled 
water, and then the solution was loaded with a dropwise into the H-ZSM-5 then dried at 120 
°C for 4 h and calcined at 550 °C for 5 hours to obtain M-HZSM-5 (M= Co, Fe, Mn, Cu, Ni, 
V). These samples were denoted as the following: MAK-13 (Co-ZSM-5), MAK-14 (Fe-
ZSM-5), MAK-15 (Mn-ZSM-5), MAK-16 (Cu-ZSM-5), MAK-17 (Ni-ZSM-5) and MAK-18 
(V-ZSM-5). 
6.7.3.3 Preparation of different loadings of Ni / HZSM-5 catalyst 
by wet impregnation 
 
Three samples of Ni/HZSM-5 were prepared. The nickel contents were calculated to obtain 
0.25, 0.50 and 1wt.-%. For this purpose, HZSM-5 (No: HV94/48) was ion exchanged with 
the required amount of nickel nitrate Ni (NO3)2 at 80°C for 24 hours into Ni-containing ZSM-
5 [144, 229]. In brief, 5g of HZSM-5 (25, HV 94 / 48) was stirred with 200 ml of aqueous 
solution of nickel nitrate at 80 °C for 24 hours, and then the materials were washed with 
distilled water several times, filtered then dried at 120 °C for 4 hours and calcined at 550°C 
for 5 hours. These samples were denoted as the following: 0.25 % Ni/HZSM-5 (MAK-34), 
0.5 % Ni/HZSM (MAK-32) and 1 % Ni/HZSM (MAK-32) respectively.  
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6.7.4 Preparation of P / HZSM-5 catalysts 
 
6.7.4.1 Preparation of P / HZSM-5 by wet impregnation 
 
The impregnation of ZSM-5 with phosphorous may lead to increase in the acidity of HZSM-5 
catalyst, particularly in the number of Brönsted acid sites. Therefore, according to Xue et al 
[214,230] different loads of (NH4)2HPO4 were impregnated on HZSM-5 (HV94/48). Thereby, 
5 g of HZSM-5 was added to the aqueous solution of (NH4)2HPO4. The mixture was stirred 
vigorously with reflux cooling at 80 °C for 24 hours. The catalyst was filtered off, washed 
several times with deionised water and dried at 120°C for 4 hours, then calcined at 550 °C for 
5 hours. Three different wt.-% of P/HZSM-5 catalyst were prepared: 0.5wt.-% P/HZSM-5 
(MAK-37), 1wt.-% 0.5 P/HZSM-5 (MAK-38), and 2wt.-% P/HZSM-5 (MAK-45) 
respectively. 
6.7.4.2 Preparation of P/HZSM-5 by incipient wetness 
impregnation method and stepwise activation procedure 
 
P/HZSM-5 samples have been also prepared by incipient wetness impregnation followed by 
stepwise activation [219]. Typically, a calculated amount of (NH4)2HPO4 was dissolved in a 
minimum volume of distilled water (typically 3.5 ml) and added to 5g of ZSM-5 (HV 94/48).  
The volume of impregnating solution was sufficient to completely wet the zeolite samples.  
The wet ZSM-5 powder was dried at 120 °C for 4 hours and then activated stepwise in air at 
250°C for 5 hours and then at 450 °C for 4 hours. Catalyst samples were denoted as the 
following: MAK-56 (0.5wt.-% P/ZSM-5), MAK-55 (1wt.-% P/ZSM-5) and MAK-57 (2wt.-
% 2 P /ZSM-5). 
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6.7.5 Preparation of F / HZSM-5 catalysts 
6.7.5.1 Preparation of F / HZSM-5 by wet impregnation  
 
It has been found that the incorporation of F species as an electron withdrawing compound to 
HZSM-5 zeolites enhances the surface acidity. F-Modified HZSM-5 samples were prepared 
by treating 5 g of HZSM-5 (No: HV94/48) zeolite by an aqueous solution of NH4F. The 
concentrations of the NH4F solution were 0.1, 0.5, 1 and 1.5 M, and the treatment period 
lasted for 24 hours with continuous stirring at 80 °C.  
Then the samples were filtrated, washed by pure water, finally dried at 120 °C, and calcined 
at 550 °C in an air atmosphere for 5 hours [231]. The samples were marked according to the 
different concentrations of NH4F as the following: 0.1, 0.5, 1 and 1.5M for MAK-30, MAK-
41, MAK-46 and MAK-47 respectively. 
 
6.7.5.2 Preparation of F/HZSM-5 by incipient wetness 
impregnation method and stepwise activation procedure 
 
F/HZSM-5 samples have been also prepared by incipient wetness impregnation followed by 
stepwise activation [219]. Typically, a calculated amount of NH4F was dissolved in a 
minimum volume of distilled water (typically 3.5 ml) and added to 5 g of ZSM-5 (HV 94/48). 
The volume of impregnating solution was sufficient to completely wet the zeolite samples. 
The wet ZSM-5 powder was dried at 120 °C for 4 hours and then activated stepwise in air at 
250 °C for 5 hours and then at 450 °C for 4 hours. Catalyst samples were denoted as the 
following:  MAK-54 (0.5M F/ZSM-5), MAK-52 (1 M F/ZSM-5) and MAK-53 (2 M F/ZSM-
5). 
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6.7.6 Impregnation of aluminum on silicalite, SiO2 and 
ZSM-5 
 
The aluminum was impregnated with the parent HZSM-5 (HV 94 / 48), silicalite and SiO2 to 
study the importance of aluminum isolation in the silica framework and the effect of the silica 
structure. Typically [233], 5 g of the support was suspended with 200 ml of 0.5 M aqueous 
solution of aluminum nitrate Al (NO3)3. After stirring this mixture with reflux cooling at 
80°C for 24 hours, the catalyst was filtered of, washed several times with deionised water and 
dried at 120 °C for 4 hours. Then calcined at 550 °C for 5 hours to obtain Al / HZSM-5 
(MAK-23), Al/silicalite  (MAK-42) and Al / SiO2 (MAK-43). 
6.7.7 Self-synthesised of HZSM-5 samples with high 
aluminum content 
 
Four HZSM-5 samples having SiO2/Al2O3 molar ratios of 10, 15, 20, and 25 were 
synthesised using a rapid crystallisation hydrothermal method [125,135]. These samples were 
synthesised to compare their performance with the commercial samples, to obtain high 
aluminum contents samples which are not easily available commercially and to understand 
the reason behind the good performance of one or the other commercial sample which has 
been already tested. For this purpose, the following high purity reagents were used for the 
synthesis of zeolites: sodium metasilicatepentahydrate (Na2SiO3·5H2O), sodium hydroxide, 
sodium chloride, aluminum sulfate hexadecahydrate, concentrated sulfuric acid, and 
tetrapropylammoniumbromide. These chemicals were obtained from Segma-Aldrich. 
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Zeolite gels having silicon-to-aluminum molar ratios of 10, 15, 20 and 25 were prepared by 
altering the aluminum content of the synthesis precursors. Three solutions were prepared 
separately as the following: 
1- Solution A was prepared by dissolving the required weight of aluminum sulfate 
hexadecahydrate in distilled water (240 g) containing tetrapropylammonium bromide 
(24 g) and sodium chloride (20 g).  
2- Solution B was obtained by dissolving the sodium metasilicate pentahydrate (400 
g) in distilled water (400 g) at 343K.  
3- Solution C consisted of tetrapropylammonium bromide (8.64 g), sodium hydroxide 
(10 g) and sodium chloride (190 g) dissolved in 800 g of distilled water.  
4- Solutions A and B were mixed together, and then solution C was added under 
vigorous stirring until the gelation took place. That mixture is basic (pH=13).  
However, the pH must be adjusted to 10.0 by careful dropwise addition of 
concentrated sulfuric acid. The gel was stirred vigorously for 80 minutes to 
homogenise it. This was then allowed to age overnight under stirring at 1000rpm.  
The pH of the gel was finally adjusted to 10.0 ± 0.1 and charged into the reactor 
vessel which was heated in a temperature programmed mode.  Rapid crystallisation 
was achieved by heating the gel with constant stirring at a rate of 5 oC/min up to 438 
K. The heating was regulated at this temperature for 48 hours. The contents of the 
reactor vessel were then allowed to cool to ambient temperature. They were then 
washed by distilled water to remove impurities and extra ions from the zeolite pores 
and particles. The contents were then filtered through filter paper and washed several 
times until the washing was neutral. The crystals finally obtained were dried  
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     overnight at 393K. The as-syntheses zeolites were calcined at 823 K in air for 5 hours  
to remove the template. 
5- After the first calcination, the zeolite samples were ion-exchanged to replace 
sodium ions by hydrogen ions as the acidic sites. Thereby a 2 M aqueous solution of 
ammonium nitrate was used at 353K for carrying out ion-exchange, the catalyst-to-
solution ratio was 1g to 150 ml and the stirring was carried out for 24 hours. The ion-
exchange was repeated two times to ensure the replacement of sodium ions by 
ammonium ions.  
6- After that ammonium ion-exchange, the zeolite was filtered, washed, and dried at 
393K overnight and then calcined at 823K for 5 hours in air to decompose the 
ammonium ions to produce a hydrogen form. The samples were noted as the 
following HZSM-5-25 (MAK-31), HZSM-5-15(MAK-36), HZSM-5-10 (MAK-39) 
and HZSM-5-20 (MAK-49). 
   
6.8 Catalysts Characterisation Techniques  
 
A number of techniques are used to characterize the modified and synthesized ZSM-5 
catalysts. Among these, atomic emission spectroscopy (ICP-AES), X-ray diffraction, N2 
physisorption, scanning electron microscopy (SEM), 27Al MAS NMR and 29Si-MAS NMR 
(magicangle spinning nuclear magnetic resonance) spectroscopy, NH3-TPD (ammonia 
temperature programmed desorption), fourier transmission infra red (FT-IR) and pyridine FT-
IR. 
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6.8.1 X-Ray diffraction (XRD) 
 
As zeolite materials are crystalline solids, their characteristic X-ray diffraction (XRD) 
patterns can be used to identify their exact structure and to determine their degree of 
crystallinity. Each zeolite has its own particular pattern that can be used as reference to 
determine the solid crystal phase and this pattern is used as a fingerprint for each zeolite.  
This technique can also determine whether the phase of the solid sample is amorphous or 
crystalline. In this study, XRD technique was used to confirm the crystallinity and the 
presence of the MFI structure for the synthesised HZSM-5 samples and the modified samples 
purity and crystallinity were compared with the parent (standard) HZSM-5. XRD patterns of 
ZSM-5 (MFI) structure which exhibits intensive peaks in 2 Theta located in two the regions: 
2Theta = 7.5˚-8.5˚ and 22˚-25˚. 
 Powder X-ray diffraction (XRD) data were recorded on a Siemens Diffractometer (D 5000) 
or a Philips X’Pert PRO diffractometer. They operated at 45 KV and 40 mA, using nickel 
filtrated Cu Kα radiation with 1.5406 Å between 1.5° and 40° (2 theta), with a scanning 
speed of 0.02°/min. 
Catalysts particles size was calculated by sheerer equation:  
                          
where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half the 
maximum intensity (FWHM) in radians, and θ is the Bragg angle. 
λ =0.154 nm for Cu source. 
K=0.9. 
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6.8.2 Physicochemical properties analysis by nitrogen 
adsorption 
  
Nitrogen adsorption technique is used to determine BET, micropores and external surface 
area. It is also used to analyse the pore properties of ZSM-5 samples and to obtain N2-
adsorption isotherm of HZSM-5 samples. Nitrogen adsorption was obtained at 77 K on a 
Micromeritics ASAP 2000 or 2010 Gas Sorption and Porosimetry System. About 0.15-0.18 g 
of the sample was packed into the sample tube and degassed at 150 °C for 1 hour to reach a 
vacuum of 10-3 Torr.  After outgassing, the sample was allowed to cool to room temperature, 
and the tube was then immersed in liquid nitrogen. Finally, the gas pressure was allowed to 
reach equilibrium before subsequent dosing and then a series of 55 successive nitrogen doses 
were administered in order to obtain an adsorption isotherm. Brunauer–Emmett–Teller 
surface areas were determined over a relative pressure range from 0.05 to 0.20. Pore size 
distributions were calculated from the adsorption branch of the isotherms using the Barrett–
Joyner–Halenda method. At the end of analysis the sample was weighed and this weight was 
used for calculation of surface area and pore volumes. 
 
6.8.3 Scanning electron microscopy (SEM) 
 
 SEM used to give information on ZSM-5 samples features including the topography of the 
surface, its morphology, i.e. the shape and size of the particles making up the surface and 
their crystallographic features. 
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The SEM used in this study was a FEI Quanta 200 Environmental SEM with EDAX Genesis 
EDS X-ray analysis, with a high resolution of 3.0 nm. The specimen chamber was able to 
accommodate a specimen of up to 6 inches in diameter. In order to obtain high quality 
images, a thin gold film was deposited on each sample. 
 
6.8.4 Solid state nuclear magnetic resonance (NMR) 
spectroscopy 
 
Nuclear Magnetic Resonance (NMR) spectra are used in determining the nature and chemical 
environment of the atoms. This technique has been found to be very useful in understanding 
the structural and physicochemical properties of zeolites. Herein, solid state NMR was used 
to determine the coordination of aluminium and silica in ZSM-5 structure. 
The NMR spectra were conducted at 9.4 Tesla on a Bruker Avance III-400 spectrometer 
using 4 mm ZrO2 rotors at room temperature. The spectrometer consists of the following 
subunits: an operator console including the host computer, monitor, keyboard and BSMS 
keyboard; a console containing the electronic hardware; and a magnet system including the 
shim system, preamplifiers (HPPR) and probe head. The powdered sample was first ground 
using a mortar and pestle to the consistency of flour, then very carefully packed into a small 
zirconia rotor. A small amount of powder was placed in the rotor and carefully pressed down 
before another small amount of powder was added. The process was repeated to ensure that 
no air pockets were present in the sample, as these cause vortices which could destabilise 
sample spinning. Table 39 summarised the experimental conditions used for 27Al and 29Si 
MAS-NMR. 
199 
Materials and Methods 
 
 
Table 39: The experimental conditions for 27Al and 29Si MAS-NMR. 
 
Operating parameters 
 
NMR observe nucleus 
 
27Al 29 Si 
Temperature (K) 300 300 
Magic spinning angle (º) 54.7 54.7 
Resonance frequency (MHz) 104.26 79.49 
Spinning rate (kHz) 10 10 
Relaxation time delay (s) 5 40 
Number of scans 100 1000 
Reference for chemical shift adamantine Adamantine 
Acquisition time (s) 0.0082 0.0213 
Chemical shift unit Ppm Ppm 
 
6.8.5 Ammonia temperature programmed desorption 
(NH3-TPD) 
 
The strength and distribution of acid sites in a zeolite is an important indicator of its catalytic 
properties. One of the common and widely used method to measure the acidity of zeolites is 
the temperature programmed desorption (TPD) of a base like ammonia from the zeolite 
surface. Based on the desorption temperature, the acid sites are usually classified as weak 
(100-250 °C), moderate (250-500 °C), or strong (T > 500 °C). 
NH3-TPD samples were measured on TPDRO 1100 apparatus from CE instrument, with 
Thermal Conductive Detector (TCD). Initially, about 0.15 g of the sample was heated at  
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500 °C (10 °C/min) under nitrogen for 1 hour to remove the physisorbed water from the 
catalysts.  Afterwards, sample was cooled down until 100 °C then ammonia was passed over 
the sample for 1 hour. After that, ammonia gas was stopped and the sample purged by 
nitrogen for 1 hour to remove the weak physisorbed ammonia. NH3 was physisorbed from 
room temperature to 800 °C. The amount of desorbed ammonia was recorded by a thermal 
conductive detector (TCD) during various temperature scans. 
6.8.6 Fourier transform infrared spectroscopy (FTIR) 
 
Infrared radiation (in the region 400-4000 cm-1) is used to probe the vibrational modes of 
sample chemical bonds. The infrared radiation is absorbed by chemical bonds and bending 
and stretching of the bonds is induced. 
FT-IR in OH region (400-4000 cm-1) was recorded in order to confirm the MFI structure for 
the synthesised HZSM-5 samples as well as to proof the good crystallinity of these samples 
in combinations with XRD results. 
FT-IR studies were carried out in absorbance mode using a Nicolet NEXUS FT-IR 
spectrometer. Samples were prepared by drying in vacuum at 150 °C for 1.5 hour. Then 50 
mg of the catalyst was mixed with 500 mg of KBr and ground thoroughly to create a 
diffusely scattering matrix that lowers absorption and hence increases the throughput of the 
beam, enhancing the resolution for analysis. The experiments were performed at room 
temperature under a dry nitrogen flow.  
Although the NH3-TPD is an important tool to obtain information on the amount and strength 
of the acid on the zeolite surface, it cannot give us any direct information on the acid types 
such as Brønsted or Lewis acid. Infrared (IR) spectroscopy can be used to determine the 
acidity and acid types using probe molecules such as pyridine. The FT-IR spectra after  
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pyridine adsorption were obtained to distinguish between the Brønsted and Lewis acid sites 
and to investigate the changes of these acid sites in the modified samples compared to the 
parent one and the new synthesised samples. 
The band due to the vibration mode of the pyridine molecules is observed in the wave 
number region from 1400 to 1600 cm-1, and the spectrum of adsorbed pyridin-FT-IR was 
obtained using the same instrument. For this purpose, two samples of the same catalyst (one 
as a background) were prepared by mixing 50 mg of the sample with 500 mg of KBr. The 
mixture was ground thoroughly for 1-2 minutes. For dehydration, the mixture was evacuated 
to 1.33 Nm-1 and heated to a required temperature for 1 hour. The adsorption of pyridine was 
carried out as follows:  
The sample was saturated by four drops of pyridine at room temperature and kept for 1.5 
hours, followed by desorption of physisorbed pyridine at a specific temperature and 1.33 N 
m-1 for 1 hour. After that, the spectra were recorded in the region of 1300-1800 cm-1 at 
ambient temperature against the background spectra and displayed in the absorbance mode. 
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8. Appendix 
 
Appendix A 
 
The variation of reaction parameters with their results obtained from experimental 
design program. 
Run Temp 
(°C) 
P (bar) TOS 
(min) 
cat (g)  H2O2 (wt %) stir 
(rpm)  
Conversion  
(mol %)  
Selectivity  
(mol %)  
1 50.00 40 126 0.52 22.50 750 25 53 
2 25.00 50 187 0.78 18.50 600 7 84 
3 36.00 40 126 0.52 14.43 750 10 65 
4 36.00 40 248 0.52 22.50 750 13 52 
5 36.00 60 126 1.03 22.50 450 8 78 
6 50.00 40 248 1.03 14.43 450 19 56 
7 42.50 50 187 0.78 7.00 600 9 56 
8 50.00 60 126 0.52 14.43 750 13 71 
9 42.50 50 187 0.78 18.50 1000 15 67 
10 50.00 60 126 0.52 22.50 750 14 67 
11 42.50 50 187 0.78 18.50 200 17 67 
12 50.00 60 248 0.52 14.43 750 11 57 
13 42.50 50 187 0.78 18.50 600 13 54 
14 50.00 40 248 0.52 14.43 450 19 56 
15 42.50 50 187 0.78 18.50 600 17 73 
16 36.40 40 126 1.03 14.43 750 11 66 
17 36.00 40 126 0.52 22.50 750 13 73 
18 42.50 50 360 0.78 18.50 600 16 51 
19 50.00 60 248 1.03 14.43 750 13 67 
20 50.00 60 126 1.03 14.43 750 7 66 
21 36.00 40 248 0.52 14.43 750 11 55 
22 36.00 60 248 1.03 14.43 750 8 62 
23 42.50 50 187 0.78 18.50 600 19 74 
24 36.00 40 126 1.03 22.50 750 20 71 
25 36.00 40 126 1.03 14.43 450 12 64 
26 50.00 60 126 1.03 22.50 450 21 71 
27 50.00 60 126 1.03 14.43 450 12 66 
28 50.00 60 248 1.03 14.43 450 12 66 
29 50.00 40 248 1.03 22.50 750 22 42 
30 42.50 20 187 0.78 18.50 600 28 32 
31 36.00 40 126 0.52 22.50 450 15 71 
32 36.00 60 248 1.03 22.50 750 14 66 
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33 36.00 60 248 1.03 14.43 450 11 71 
34 36.00 40 248 1.03 22.50 450 22 60 
35 50.00 40 126 0.52 14.43 450 15 52 
36 42.50 50 187 0.05 18.50 600 3 80 
37 36.00 40 126 1.03 22.50 450 19 66 
38 50.00 60 248 1.03 22.50 450 13 47 
39 50.00 40 248 1.03 14.43 750 17 50 
40 36.00 60 248 0.52 14.43 450 10 80 
41 36.00 60 126 1.03 14.43 450 9 79 
42 42.50 50 187 0.78 18.50 600 15 73 
43 42.50 50 187 0.78 18.50 600 15 69 
44 50.00 60 126 0.52 14.43 450 12 61 
45 50.00 60 248 0.52 22.50 750 17 62 
46 50.00 40 248 0.52 14.43 750 21 53 
47 36.00 60 248 1.03 22.50 450 16 71 
48 42.50 50 187 0.78 18.50 600 16 72 
49 42.50 50 187 0.78 30.00 600 17 63 
50 36.00 40 248 0.52 14.43 450 10 60 
51 50.00 40 248 0.52 22.50 450 17 38 
52 50.00 40 126 1.03 14.43 750 11 75 
53 36.00 60 126 0.52 22.50 750 7 80 
54 50.00 40 248 0.52 22.50 750 13 37 
55 50.00 40 126 0.52 22.50 750 20 47 
56 36.00 40 248 1.03 14.43 750 15 42 
57 36.00 60 126 0.52 22.50 450 11 79 
58 60.00 50 187 0.78 18.50 600 15 48 
59 50.00 40 126 0.52 14.43 750 17 44 
60 36.00 60 126 0.52 14.43 750 8 81 
61 36.00 60 126 0.52 22.50 750 8 66 
62 42.50 50 187 0.78 18.50 600 15 73 
63 36.00 40 126 0.52 14.43 450 7 76 
64 36.00 40 248 1.03 22.50 750 17 49 
65 36.00 40 248 1.03 14.43 450 20 52 
66 42.50 50 187 0.78 18.50 600 15 76 
67 50.00 60 126 0.52 22.50 450 14 64 
68 42.50 50 187 1.5 18.50 600 26 70 
69 36.00 40 248 0.52 22.50 450 14 60 
70 42.50 80 187 0.78 18.50 600 6 87 
71 50.00 40 126 1.03 22.50 450 20 44 
72 36.00 60 248 0.52 22.50 450 11 77 
73 50.00 60 248 0.52 22.50 450 17 64 
74 50.00 40 126 1.03 14.43 450 12 73 
75 50.00 40 126 0.52 22.50 450 15 60 
76 42.50 50 15 0.78 18.50 600 4 93 
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77 36.00 60 248 0.52 22.50 750 10 67 
78 36.00 60 126 1.03 22.50 750 6 90 
79 50.00 40 248 1.03 22.50 450 23 50 
80 50.00 60 126 1.03 22.50 750 15 73 
81 50.00 60 248 1.03 22.50 750 18 60 
82 36.00 60 126 1.03 14.43 750 8 78 
83 36.00 60 248 0.52 14.43 750 9 73 
84 50.00 60 248 0.52 14.43 450 12 61 
85 42.50 50 187 0.78 18.50 600 18 71 
86 42.50 50 187 0.78 18.50 600 13 74 
 
Appendix B 
 
B-1 Example of the calculations of metals loading by 
wet impregnation. 
Impregnatation of 1 wt.-% Ni over 1 g ZSM-5 
 
Nickel(II) nitrate hexahydrate Ni(NO3)2.6H2O, 98 %  purity, has a molecular weight of 
290.79 g mol-1, which means that Ni constitutes 58.69 × 0.98 ÷ 290.79 × 100 = 19.78 wt.-% 
of the salt.  
To have a 1 wt.-% loading of Ni on a 1g zeolite catalyst sample, we need 0.99 g of catalyst 
and 0.01g of Ni, for which we need 100 ÷ 19.78 × 0.01 = 0.0506 g of salt. 
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B-2 Ion exchange of ZSM-5 with 0.01 M Ni (NO3)2.6H2O 
solution. 
M=mol/v (l) 
0.01 = mol×0.25ml ( in 250ml standard flask), So, Mol =0.0025 mol. 
Wt= 290.79 g/mol × 0.0025 mol =0.73 g dissolved in 250ml distillated water in standard 
flak and added to 5 g ZSM-5. 
Appendix C 
 
Example of the Calculation of aluminium amount in Synthesised HZSM-5 samples having 
different SiO2/Al2O3 molar ratios: 
To calculate the amount of Al in module 10: 
Na2SiO2.5H2O = 212.15 g/mol and Al2 (SO4)3.18 H2O =666.41 g/mol. 
If we take 100 g of the final ZSM-5 sample: 
100= 212.15 x 
X=100/212.15 
=0.4714 g. 
To calculate from Al2 (SO4)3.18 H2O: 
Al2 = (0.4714×666.41) / 2×10 Al=15.71 g for module 10 and the same for the other modules. 
